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Synopsis	
Rubbers are widely used to manufacture industrial articles such as tyres, conveyor 
belts, hoses, and engine mounts. During flexing, these articles fail in service due to 
initiation and subsequent growth of cracks leading to catastrophic failure. The failure 
is due to either environmental ageing by ozone and oxygen or mechanical failure 
due to crack initiation and growth. The unexpected failure in service is due to 
mechanical crack growth and may cause danger to life and property. Therefore, 
rubber articles are designed for long durability and low fatigue damage. To achieve 
these requirements, reinforcing fillers such as colloidal carbon black and synthetic 
silica are added to raw rubbers. In recent years, silica has been replacing carbon 
black in many industrial rubber articles. Some studies have investigated crack 
growth behaviour in unfilled and carbon black filled rubbers. But limited data is 
available for crack growth behaviour in silica-filled rubber vulcanisates and their 
effects on the durability and service life of industrial rubber articles has remained 
uncertain. 
When partly soluble chemical curatives are mixed with raw rubber, they migrate to 
the rubber surface, which can be detrimental to the rubber properties. Two rubber 
compounds with different amounts of curatives were prepared by mixing natural 
rubber with a high loading of precipitated amorphous white silica nanofiller. The silica 
surfaces were pretreated with bis(3-triethoxysilylpropyl)-tetrasulphane (TESPT) 
coupling agent to chemically adhere silica to the rubber. The chemical bonding 
between the filler and rubber was optimised via the tetrasulphane groups of TESPT 
by adding accelerators and activators. The rubber compounds were cured and 
stored at ambient temperature for up to 65 days before they were tested. One 
compound showed extensive blooming as a function of storage time. The cyclic 
fatigue life of the rubber vulcanisates was subsequently measured at a constant 
strain amplitude and test frequency at ambient temperature using standard dumbbell 
test pieces. The crack length, c, was also measured as a function of the number of 
cycles, N, at a constant strain amplitude ranging from 15% to 40% using tensile strip 
test pieces and the crack growth rate, dc/dn, was then calculated. The rate was 
subsequently plotted against the tearing energy, T, to determine correlation between 
the two.  
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In storage, the chemical curatives migrated to the rubber surface and formed bloom. 
Blooming of the chemical curatives had detrimental effects on the cyclic fatigue life, 
crack growth rate and internal structure of the rubber. Blooming reduced the cyclic 
fatigue life of the rubber vulcanisate by more than 100%. The migrated chemical 
curatives produced thin layers approximately 15-20 µm in size beneath the rubber 
surface. When the rubber was stressed repeatedly, cracks initiated in these layers 
and subsequently grew, causing the cyclic fatigue life of the vulcanisate to decrease. 
At a given value of the tearing energy, the rate of crack growth also increased due to 
the re-agglomeration of the chemical curatives within the rubber which produced 
regions of low resistance to crack development. There was evidence that migration 
of the chemical curatives to the rubber surface had significantly damaged the internal 
structure of the rubber, creating voids and cracks which weakened the rubber 
mechanically.   
Styrene-butadiene rubber (SBR) and polybutadiene rubber (BR) were mixed 
together (75:25 by mass) to produce two SBR/BR blends. The blends were 
reinforced with a precipitated amorphous white silica nanofiller the surfaces of which 
were pre-treated with TESPT.  The rubbers were primarily cured by using sulphur in 
TESPT and the cure was optimised by adding non-sulphur donor and sulphur donor 
accelerators and zinc oxide. The hardness, Young’s modulus, modulus at different 
strain amplitudes, tensile strength, elongation at break, stored energy density at 
break, tear strength, cyclic fatigue life, heat build-up, abrasion resistance, glass 
transition temperature, bound rubber, and tan δ of the cured blends were measured. 
The blend which was cured with the non-sulphur donor accelerator and zinc oxide 
had superior tensile strength, elongation at break, stored energy density at break 
and modulus at different strain amplitudes. It also possessed a lower heat build-up, a 
higher abrasion resistance and a higher tan δ at low temperatures to obtain high-skid 
resistance and ice and wet-grip. Optimising the chemical bonding between the 
rubber and filler reduced the amount of the chemical curatives by approximately 58% 
by weight for passenger car tyre tread. This helped to improve health and safety at 
work and reduce damage to the environment. 
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Structure	of	the	thesis	
Chapter 1- Cracks and blooming of rubber chemicals in rubber compounds 
This chapter includes a brief introduction to cracks and crack formation in rubber and 
rubber articles, origin of pre-existing cracks in rubber vulcanisates, and growth of 
cracks under stress which leads to catastrophic failure in service with some 
examples of passenger car tyres. In addition, blooming of rubber chemicals to the 
rubber surface is mentioned briefly and finally, the overall aims and objectives of the 
project are listed.  
Chapter 2- Literature review 
This chapter commences with an introduction to rubbers, rubber chemicals, rubber 
formulations, and a new method for optimising use of chemical curatives in rubber 
compounds which was developed by Ansarifar and co-workers. The formation of 
bloom on rubber surfaces when rubber chemicals are used in excessive amounts 
and effect of blooming on the rubber properties will be discussed.  
Chapter 3- Fracture mechanics treatment of crack growth in rubber  
This chapter includes a brief introduction to the original idea of Griffith to treat the 
problem of crack growth in solids. It will review how the Griffith’s original concept 
which was based on the notion of the strain energy release rate as a driving force 
behind crack growth in solids under stress was modified to deal with crack initiation 
and crack growth in rubber vulcanisates. It will refer to the previous work done on the 
characterisation of crack growth in rubber vulcanisates under dynamic loading and 
discuss the experimental methods developed by rubber scientists over the years to 
measure rate of crack growth in rubber vulcanisates under dynamic loading. The 
theoretical treatment of crack growth in rubber vulcanisates based on the concept of 
the “tearing energy” will be examined.  There will also be a brief mention of the 
correlation between crack growth rate (dc/dn) and strain energy release rate (T) 
reported previously for natural rubber vulcanisate.  
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Chapter 4- Effect of the blooming of chemical curatives on the cyclic fatigue 
life of natural rubber filled with a silanised silica nanofiller 
This chapter will examine the blooming of a sulphenamide accelerator and zinc oxide 
to the surface of natural rubber filled with a silanised silica nanofiller. The use of a 
new method to minimise and eliminate altogether the blooming problem by a more 
efficient use of these chemicals will be discussed. In addition, effect of the blooming 
of the chemical curatives on the hardness, tensile strength, elongation at break, 
stored energy density, and cyclic fatigue life of the cured rubber will be studied too. 
Chapter 5- Measuring effect of the blooming of chemical curatives on the rate 
of cyclic fatigue crack growth in natural rubber filled with a silanised silica 
nanofiller 
This chapter will present results on the effect of the blooming of a sulphenamide 
accelerator on the rate of cyclic fatigue crack growth as a function of the number of 
cycles in a silanised silica-filled natural rubber. The correlations between the rate of 
cyclic crack growth and the tearing energy will be presented for two compounds, one 
which bloomed and one which did not in storage. The results will be examined to find 
out how the blooming of the chemical curatives affected the rate-energy relationship 
for the rubber vulcanisate.   
Chapter 6- Effect of the blooming of chemical curatives on the durability of 
silica-filled natural rubber-to-metal bonded bobbins  
This chapter shows results from the dynamic tests performed on some silanised 
silica-filled natural rubber-to-metal bonded bobbins. Two rubber compounds were 
used to make these bobbins, one which bloomed heavily and one that did not at all 
in storage. Effect of the blooming of the chemical curatives on the dynamic 
properties such as phase angle, Kd:Ks ratio (dynamic spring rate : static spring rate),         
and durability of the bobbins were discussed.    
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Chapter 7- Effect of the re-agglomeration and migration of the chemical 
curatives on the mechanical properties of a natural rubber vulcanisate 
This chapter provides information on the effect of re-agglomeration and migration of 
chemical curatives to the rubber surface on the mechanical properties and cyclic 
fatigue life of a natural rubber vulcanisate filled with a silanised silica nanofiller. The 
rubber compounds used in this study were cured above and below the melting point 
of the accelerator and cooled in air or quenched in cold tap water after curing and 
then stored at ambient temperature for 60 days. The cooling method mentioned 
above created re-agglomeration and migration of the chemical curatives in the 
rubber vulcanisates.  The tensile strength, elongation at break, strain energy density, 
hardness, and cyclic fatigue life of the natural rubber vulcanisates were subsequently 
measured to assess how re-agglomeration and migration of the chemical curatives 
affected the rubber properties.   
Chapter 8- Two advanced styrene-butadiene/Polybutadiene rubber blends 
filled with a silanised silica nanofiller for potential use in passenger car tyre 
tread 
This chapter presents the latest work on the development of two new SBR/BR (75/25 
wt ratio) rubber blends for potential use in passenger green car tyre tread. The 
rubber blends were crosslinked and reinforced with a silanised silica nanofiller and 
the chemical bonding between the filler and rubber was optimised to reduce the 
excessive use of the chemical curatives in these blends. In addition, the tensile 
strength, elongation at break, strain energy density at break, hardness, viscosities, 
cure properties, glass transition temperature, tan δ, cyclic fatigue life, abrasion 
resistance, and heat build-up properties of these blends will be reported.  
Chapter 9- The health, safety, and the environment and commercial issues 
facing the manufacturers of passenger car tyres which were addressed by this 
study 
xxiv 
 
This chapter will examine the health, safety, and environmental issues and 
challenges which the rubber industry faces today posed mainly by the REACH, 
COSHH and legislation. The biggest problem which the rubber compounders face is 
the excessive use of the rubber chemicals in industrial rubber article such as car 
tyres and therefore the need to reduce them. When the rubber chemicals are used in 
excessive amounts, they pose danger to human and animal health, as well as to the 
environment. The current and future trends for the consumption of rubber and rubber 
chemicals are also mentioned. These issues and concerns were fully addressed by 
the findings of this project. 
Chapter 10- Conclusions of this study and recommendations for future work   
In this chapter, all the main conclusions of this study will be summarised and some 
recommendations for future work will be made. It will also be recommended that the 
results and findings from this project on the effect of the blooming of chemical 
curatives on the cyclic fatigue life, rate of cyclic fatigue crack growth and dynamic 
properties of rubber-to-metal bonded bobbins should be used in the future 
development of numerical modelling for the service life prediction of rubber-to-metal 
bonded components. 
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Chapter	1	
1 Cracks and blooming of rubber chemicals in rubber 
compounds 
A general introduction 
 
1.1 Introduction 
Rubbers are present in the form of long carbon chains to which hydrogen atoms and 
different alkyl groups are attached. These chains are reasonably flexible at room 
temperature and posses sufficient energy which enables the atoms or segments to 
rotate relative to one another. This property of the rubber imparts long range 
flexibility, elasticity and high extension upon application of stresses [1]. The unusual 
properties of rubber make it suitable for various applications such as footwear, coats, 
bottles and tyres. But, the use of rubber was restricted due to its stickiness in the 
Summer and brittleness in the Winter.  
Charles Goodyear was the first person to use elemental sulphur to remove the 
stickiness of rubber coats. He discovered the vulcanisation process, which enhanced 
the properties such as hardness, strength, and elasticity made rubber suitable for 
use in different environmental conditions. After the discovery of Charles Goodyear, 
use of rubber in different applications increased rapidly. To further enhance 
mechanical properties and vulcanisation processes, different chemical additives 
were also mixed with raw rubbers [2]. These chemical additives included fillers, 
accelerators, activators, processing aids, antidegradants, curing agents and blowing 
agents. Carbon black and silica are the most widely used reinforcing fillers by the 
rubber industry. Use of silica fillers in rubber was not common until bifunctional 
organosilanes or coupling agents were available. Replacing carbon black with silica 
in rubber reinforcement opened a new door to making greener or environmental-
friendly rubber compounds. 
Chemical curatives such as elemental sulphur are used to vulcanise rubber by 
forming crosslinks between the rubber chains which improve the rubber properties. 
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Accelerators and activators are also added with sulphur to improve efficiency of the 
cure cycles. Sulphur, accelerators and activators form cure systems in a majority of 
rubber compounds used today to make heavy duty articles such as conveyor belts 
and tyres. Antidegradants protect rubber against environmental ageing by ozone and 
oxygen and UV. Combination of different chemical additives enhances thermal, 
mechanical and dynamic properties of rubber compounds and makes them suitable 
for use in industrial applications. Nowadays, rubber compounds are used in different 
engineering products e.g. tyres, engine mounts, suspension mounts, structural 
bearings, bushes, conveyor belts, and shear and compression springs. This is due to 
an increasing use of these chemical additives.  
A typical green passenger car tyre tread compound based on styrene-
butadiene/Polybutadiene (SBR/BR 75/25) blend with silica as reinforcing filler is 
shown in Table 1.1. Five different chemical curatives are used. They included 
sulphur (curing agent), primary accelerator (N-tert-butyl-2- benzothiazole 
sulphenamide), secondary accelerator (diphenylguanidine), primary activator (Zinc 
oxide), and secondary activator (stearic acid) [3]. It also contains coupling agent to 
adhere silica to the rubber, aromatic oil to modify viscosity, and antidegradant and 
wax to protect the rubber against environmental ageing in air.   
Table  1.1: Typical green passenger car tyre tread formulation [3]. 
Ingredients  phr 
Styrene-butadiene rubber (SBR)  75 
Polybutadiene (BR)  25 
Silica  80 
Coupling agent  6.4 
Sulphur  2 
N-tert-butyl-2- benzothiazole sulphenamide(TBBS)  2 
Diphenylguanidine (DPG)  2 
Zinc oxide (ZnO)  3 
Stearic acid  2 
Aromatic oil  34 
Antidegradant (Santoflex-13)  2 
Wax  3 
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Excessive use of the chemical curatives is harmful to health, safety, and the 
environment and their use is restricted by the new European Union policy 
Registration, Evaluation, Authorisation, and Restriction of Chemicals (REACH) and 
various other health, safety and environmental legislations. Migration of the chemical 
curatives to the rubber surface followed by crystallisation is known as blooming [4]. 
Blooming is one of the major factors which influence properties of rubber compounds 
and can either be beneficial as in the case of antidegradants and waxes which 
protect rubber against ageing [5-8], or, detrimental as in the case of chemical 
curatives which re-agglomerate and migrate to the rubber surface [9,10]. In most 
rubber articles such as tyres, rubber is bonded to steel and fabrics for reinforcement 
and dimensional stability. Blooming of chemical curatives adversely affects the ability 
of rubber to form strong bonding with steel and fabrics and creates weakness at the 
rubber/steel and rubber/fabrics interfaces which can lead to major failure of the 
article in service. Furthermore, migration of chemical curatives to the surface leaves 
flaws in the rubber which are detrimental to the rubber properties. These flaws grow 
in size and weaken the rubber, reducing the service life of the article. Therefore, it is 
essential to eliminate or minimise blooming of chemical curatives in rubber. This can 
be achieved by a more efficient use of these chemicals.        
Often rubber articles, for example the side wall of a car tyre, are repeatedly stressed 
in tension at different strain amplitudes in service. This is called cyclic loading. Cyclic 
loading results in the nucleation and growth of micro cracks which eventually lead to 
the catastrophic failure of rubber articles. In mechanical fatigue failure, cracks 
originate because of the presence of naturally existing flaws in rubber.  These flaws 
are also present in all the rubbery materials because during compounding different 
additives such as curatives, processing oils, antidegradants and fillers are added to 
raw rubbers. On microscopic scales, all the compounded rubbers contain some 
degree of inhomogeneity. These inhomogeneities may be due to poor dispersion of 
fillers or curatives. When these rubber compounds undergo repeated stressing, 
rubber matrix around the filler is strained more, which leads to cavities and micro 
cracks formation in the rubber. The rubbers which do not contain these additives 
may contain micro voids, gel particles or impurities which can also contribute 
towards natural flaws and crack initiation. Flaws may originate during moulding, 
cutting processes, and can also be due to the blooming of chemical curatives to the 
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rubber surface. During moulding, rubber may be damaged due to poor surface finish 
of the mould, or, may contain un-reacted solid rubber chemicals in the rubber. When 
rubber products containing flaws are subjected to repeated stressing, cracks initiate 
due to highly localised stress concentrations around the inhomogeneties or flaws. 
The time and speed of propagation of cracks depends mainly on load frequency, 
strain amplitude, and type of rubber [11-15].  
Taking the example of tyres, which undergo extensive cyclic loading in service, 
fatigue failure is caused by abrasion, nucleation and growth of cracks, ply 
separation, tread wear, and environmental factors such as ageing. Here, we 
consider the major cause of fatigue failure by nucleation and subsequent growth of 
cracks in rubber. Figure 1.1 shows small cracks present in the tread and on the side 
wall of a discarded old tyre.  
 
Figure  1.1: Crack initiation in the tread of an old tyre [16]. 
Under the application of repeated stressing, some new cracks will also initiate on the 
rubber surface. These pre-existing and newly formed cracks do not repair 
themselves but propagate with time, resulting in bigger cracks as shown in Fig. 1.2. 
 
Micro Cracks 
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Figure  1.2: Micro cracks resulted into bigger cracks under repeated stressing [17]. 
 
Tyres which contain big cracks formed by repeated stressing in service, loose their 
structural integrity and fail catastrophically in service and this can be harmful to the 
vehicle and also very dangerous for the passengers. Example of this type of failure is 
shown in Fig. 1.3. 
 
Figure  1.3: Catastrophic failure in passenger car tyre [18]. 
Since blooming of chemical curatives can be damaging to the mechanical and 
dynamic properties of rubber vulcanisates and reduces the service life of rubber 
components, it is essential to reduce or eliminate it altogether. Of particular interest 
Catastrophic 
failure
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to tyre technologists is effect of blooming on the cyclic fatigue life and rate of crack 
growth in rubber. When blooming is eliminated, it will have a large effect on the 
performance, durability and service life of rubber blends which are used in tyre tread 
applications. For tyre manufacturers, understanding how tread compounds can be 
improved to increase the service life of tyre is essential.  
The driving force behind this study is the availability of a new technology for 
reinforcing rubber with a sulphur-bearing silanised silica filler. This technology 
optimises the chemical bonding or crosslinking between the rubber and filler via the 
tetrasulphane groups of TESPT by adding fewer and smaller amounts of 
accelerators and activators which are currently used in carbon black-filled sulphur-
cured industrial rubber compounds. By reducing the chemical curatives in rubber, 
cheaper, safer and more environmental friendly rubber compounds with superior 
mechanical and dynamic properties can be made. This technology which was 
developed at Loughborough University has been applied successfully to various 
industrial rubbers such as nitrile rubber (NBR) and synthetic polyisoprene (IR) and 
proved to be very effective in reducing excessive use of chemical curatives in rubber 
compounds without compromising the good mechanical properties of the rubber 
vulcanisates, which were essential for long service life.  In this work, this technology 
will be applied to reduce blooming of chemical curatives in natural rubber (NR) and 
also to develop new and more advanced styrene-butadiene/polybutadiene rubber 
blends (SBR/BR) for potential use in passenger car tyre tread.   
1.2 Aims and Objectives 
The overall aims of this project are 
 To evaluate effect of the blooming of chemical curatives on the cyclic fatigue life, 
rate of fatigue crack growth as a function of tearing energy, hardness, tensile 
properties, Young’s modulus, modulus at different strain amplitudes and dynamic 
properties of natural rubber filled with a high loading of a sulphur-bearing silanised 
silica nanofiller. These properties were measured after the rubber vulcanisate was 
cured and then stored at ambient temperature for 65 days to allow full blooming to 
appear on the rubber surface.   
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 To develop new styrene-butadiene/polybutadiene (SBR/BR) rubber blends for 
potential use in radial passenger car tyre tread. The properties of interest are  
abrasion resistance, heat build-up and tan  as well as hardness, tensile properties, 
tear strength, Young’s modulus, modulus at different strain amplitudes and cyclic 
fatigue life, which are of major importance to tyre performance, durability and service 
life.    
1.2.1 The specific objectives are: 
1. To prepare natural rubber (NR), styrene-butadiene rubber (SBR), and 
polybutadiene rubber (BR) compounds reinforced with 60 parts per hundred 
rubber by weight (phr) silanised silica nanofiller.  
2. To optimise the chemical bonding or crosslinking between the rubber and 
silica via the tetrasulphane groups in TESPT by adding sulphenamide and 
thiuram accelerators and activators. 
3. To cure and store NR at ambient temperature for 65 days to allow full 
blooming to appear and then prepare suitable test pieces for measuring 
hardness, tensile strength, elongation at break, stored energy density at 
break, cyclic fatigue life, and rate of crack growth as a function of tearing 
energy, using suitable British Standards, in order to assess effect of blooming 
on the rubber properties. Subsequent to these measurements, mix and cure 
NR rubber compound without blooming, measure the properties 
aforementioned and compare results to determine how absence of blooming 
influences the rubber properties. 
4. To measure effect of different cure temperatures on the re-agglomeration and 
migration of the chemical curatives to the NR surface and determine how the 
hardness, tensile strength, elongation at break, stored energy density at break 
and cyclic fatigue life of the cured rubber will be influenced by the migration 
and re-agglomeration of the chemical curatives.  
5. To manufacture bobbins by bonding silica-filled NR rubber compounds (made 
under objective 3) to steel and measure the dynamic performance of the 
bobbins under different test conditions. The idea is to find out whether 
blooming will affect the dynamic properties of the rubber in vibration 
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management systems such as bobbins and if so, how absence of blooming 
will improve these properties.   
6. To mix SBR rubber with BR rubber to produce two SBR/BR (75/25 by mass)  
blends, cure and measure properties important to tyre performance such as 
abrasion resistance, heat build-up and tan  as well as hardness, tensile 
strength, elongation at break, stored energy density at break, tear strength, 
cyclic fatigue life, Young’s modulus and modulus at different strain amplitudes 
and glass transition temperature in order to access their suitability for potential  
use in radial passenger car tyre tread.   
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Chapter	2	
2 Literature Review 
 
2.1 Introduction and back ground to rubbers and rubber chemicals 
Rubbers are generally amorphous polymers consisting of long flexible molecules. At 
ambient temperature, due to thermal agitation, these molecules are in continuous 
Brownian motion which results in a random molecular structure.  This imparts unique 
long range elastic property to rubbers due to which rubbers are accepted to be highly 
extensible and durable.  
History of natural rubber started between thirty and sixty million years ago, but the 
genuine record of the use of rubber for ball game was found as early as 1600 BC. 
The documented proof of the use of natural rubber, as an elastic substance for 
making balls, footwear, bottles, variety of hollow goods and waterproof clothes was 
found in the sixteenth century [1]. These products could only be used in moderate 
weather conditions. In summer heat, products were sticky and softened and during 
winter, due to drop in temperature, they became brittle and then cracked. The use of 
rubber to make useful products became commercially successful after Charles 
Goodyear invented the process of vulcanisation of rubber by heating it with 
elemental sulphur [2].  
Structure of natural rubber consists entirely of 98% cis,1-4 polyisoprene with 2% 
trans contents. 
 
 Figure  2.1: Structure of natural rubber [3]. 
Carbon 
atom 
Hydrogen 
atom 
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At the end of nineteenth century some successful attempts were made to make 
synthetic rubbers to replace natural rubber but the processes were not suitable for 
large scale production of rubbers. When the First World War broke out in 1914, 
rubber supplies were depleted from the United States. Which forced Germany to 
produce poly(1,3-dimethylbutadiene) rubber for tyres, hoses and gas masks. After 
the First World War, production of synthetic rubbers declined but due to increases in 
the price of natural rubber and break out of the Second World War, significant 
progress was made and synthetic rubber production started to increase in Germany, 
Soviet Union and United States. Although, production of synthetic rubbers was borne 
out of a war emergency, it fulfilled the requirement of the modern world [2]. 
 After the discovery of vulcanisation process by Charles Goodyear, elastomers were 
used in a wide range of applications which included elastic band, rubber flooring, 
battery boxes, tyres, hot water bottles, bicycle and car pedal, vee belts, rain wears, 
gloves and swimming caps. Products with different properties were made by 
compounding raw synthetic elastomers with different chemical additives. The 
function of these additives was to enhance the useful properties of raw elastomers 
for example good tear strength and suppress the limiting ones for instance poor 
resistance to ageing , and sometimes to reduce the cost of the products [4].  
2.1.1 Use of fillers in raw elastomers  
Fillers have been in use since the early days of rubber compounding. Initially, fillers 
were added to decrease the cost of rubber products but latter it was discovered that 
these fillers could also enhance the mechanical properties of rubber compounds. 
Fillers can be categorised into two types: inert fillers and reinforcing fillers. The inert 
fillers, typified by chalk, clays, and barites, were added only to decrease the cost of 
the product. The fine particle size and surface treatment of the inert fillers have 
helped to make products with marginal and intermediate reinforcement, respectively. 
Raw elastomers, even after vulcanisation, do not posses very good mechanical 
properties, therefore, reinforcing fillers typified by carbon black, silica, and silicates 
are widely used in the rubber industry to enhance the mechanical properties of  
rubber compounds such as tensile strength, Young’s modulus, abrasion resistance 
and tear strength.   
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The use of carbon black by the rubber industry is one hundred years old. Carbon 
black is used in production of industrial articles including engine mountings, 
automobile tyres, conveyor belts, hoses, footwear, shock absorbers, bushes, and 
various other products. Carbon blacks apart from carbon also contain some 
hydrogen and oxygen functional groups [5]. These functional groups include 
carboxyl, phenol, quinine, lactone and hydrogen groups. Presence of functional 
groups on the filler surface enhances the physico-chemical interaction of the rubber 
and filler and also increases the relaxation behaviour of the rubber.   The extent of 
the functional groups on the surface is controlled by the manufacturing method of 
carbon black [6]. Rubber chains are not tightly bound with carbon black but some 
rubber segments are adsorbed on the surface of carbon black aggregates in the 
form of loops and tails as shown in Fig. 2.2 [7]. 
Figure  2.2: Adsorption of rubber chains on the carbon black surface [7]. 
Rubber 
chains 
Carbon 
black 
Functional 
groups 
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 Silica has been in use for more than forty years in the rubber industry as a 
reinforcing filler. Precipitated silica has many silanol or hydroxyl groups on the 
surface (Fig. 2.3), which makes it acidic and moisture absorbing. These acidic and 
moisture absorbing groups reduce the physical interaction of the filler with rubber, 
resulting in poor dispersion of the filler particles in the rubber matrix and decrease in 
bound rubber content that is essential in rubber reinforcement. Also, curing or 
crosslinking is significantly retarded and crosslink density decreases because of the 
acidity of the filler. Therefore, the reinforcing capability of silica in rubber is limited 
because of the weak rubber/filler interaction [8, 9]. 
 
Figure  2.3: Surface of a silica nano-filler, showing presence of hydroxyl groups. 
During rubber compounding when raw rubber is mixed with silica, silica particles 
aggregate due to strong hydrogen bonding between the hydroxyl groups. It was 
proposed that silica particles exist in the form of rigid spheroids with some active 
points on the surface. These spheroids start aggregating due to the presence of 
active sites in the ring, forming triangular and hexagonal structures. The hexagonal 
structure of the aggregates is the most favourable. A typical aggregation model for 
silica particles is shown in Fig. 2.4 [10]. 
Reinforcement of rubber by filler depends on the surface energies of the filler 
particles. The higher dispersive component of the surface energy of carbon black 
results in strong filler-rubber interaction, which means a higher bound rubber 
content. But in contrast, the higher polar component of the surface energy of silica 
enhances the filler-filler interaction and causes aggregation of the filler particles, 
which increases the viscosity of rubber compounds [11]. 
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Figure  2.4: Aggregation of silica filler [10]. 
To improve dispersion of the silica particles in rubber and to reduce detrimental 
effects of the silanol and hydroxyl groups on the cure system, coupling agents are 
used. The most widely used coupling agents are bifunctional organosilanes. Some 
groups of the silane react with the hydroxyl groups on the surface of silica and 
neutralize them and some others, react with rubber via the unsaturation sites or 
chemically active double bonds which are present along the rubber chains to form 
stable covalent sulphur crosslinks. This reduces the acidity and moisture absorption 
of the filler and the tendency of the silica particles to aggregate. As a result, the filler-
rubber interaction increases and cure cycle normalises. This results in higher 
crosslink density, better thermal stability and mechanical properties, as well as 
improved filler dispersion in the rubber [12]. Table 2.1 presents different silane 
structures with their sulphur ranking. 
 
 
 
Particle Aggregates Agglomerates 
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Table  2.1: Chemical structures of some silane coupling agents with their 
corresponding sulphur ranks as determined by elemental analysis [13]. 
Component  Sulphur rank 
bis(3-triethoxysilylpropyl)tetrasulphane (TESPT)  
(C2H5—O)3—Si—(CH2)3—S3.83—(CH2)3—Si—(O-C2H5)3 
3.8 
bis(triethoxysilylpropyl)disulphane (TESPD)  
(C2H5—O)3—Si—(CH2)3—S2.2—(CH2)3—Si—(O-C2H5)3 
2.2 
bis(triethoxysilylpropyl)monosulphane (TESPM)  
(C2H5—O)3—Si—(CH2)3—S—(CH2)3—Si—(O-C2H5)3 
1.0 
bis(triethoxysilyl) ethane (ETES)  
(C2H5—O)3—Si—(CH2)2—Si—(O-C2H5)3 
0 
bis(triethoxysilyl)hexane (HTES)  
(C2H5—O)3—Si—(CH2)6—Si—(O-C2H5)3 
0 
bis(triethoxysilyl) decane (DTES)  
(C2H5—O)3—Si—(CH2)10—Si—(O-C2H5)3 
0 
γ-mercaptopropyltriethoxysilane (MPTES)  
(C2H5—O)3—Si—(CH2)3—SH 
1.0 
Bis (3-triethoxysilylpropyl)-tetrasulphane (TESPT), known also as Si69 coupling 
agent, is one of the most commonly used silanes for modifying the silica surfaces for 
use in rubber reinforcement. The ethoxy groups react with the silanol or hydroxyl 
groups on the surface of silica and destroy or stearically hinder them, and the 
tetrasulphane groups which are rubber reactive and have a fast curing kinetics react 
with the rubber chains via the unsaturation sites to form stable sulphur bonds or 
crosslinks.  
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Vulcanisation is a process of crosslinking or forming covalent hydrogen or sulphur 
bonds between polymer chains. In 1839 Charles Goodyear mixed natural rubber with 
elemental sulphur at high temperatures to make it hard and stable over a wide range 
of conditions [14].  A year later, Thomas Hancock used the similar process to 
improve the physical properties of rubber articles. At that time, the only curing agent 
available was elemental sulphur and curing time of rubber compounds was longer 
than 5 hours which was not viable for industrial processes [15]. Since the early days, 
the curing process has been greatly improved by using a number of chemical 
additives other than elemental sulphur. On average, a typical sulphur cure system 
consists of accelerators and activators, which are added to improve the efficiency of 
the curing process and shorten the cure cycle.    
2.1.2 Chemical curatives for rubbers 
As mentioned earlier, elemental sulphur was the first substance used for curing 
natural rubber. It was subsequently used to cure other unsaturated rubbers such as 
styrene-butadiene rubber (SBR) polybutadiene rubber (BR), acrylonitrile-butadiene 
rubber (NBR), and synthetic polyisoprene rubber (IR). Normally, up to 5 parts per 
hundred rubber by weight (phr) of elemental sulphur was used for soft rubber 
products, e.g. tyres for coaches, and up to 25-40 phr for hard rubber products such 
as ebonite for battery casing [16]. The curing time of sulphur-cured products was 
about 5 hours which was too long. Use of ZnO along with elemental sulphur helped 
to reduce the cure time to about 3 hours [15]. In 1906, it was discovered that organic 
accelerators such as aniline enhanced effect of elemental sulphur in the curing 
process of rubber compounds [17].  The discovery of accelerators eventually 
reduced the amount of sulphur in rubber and shortened the cure cycle by reducing 
the total cure time. As a result, cure systems were divided into three types based on 
the accelerator to sulphur ratio as shown in Table 2.2. 
Apart from elemental sulphur, organic peroxides have also been used for curing 
saturated and unsaturated rubbers, like ethylene-propylene-diene rubbers (EPDM), 
NBR, and NR and ethylene-propylene rubber (EPM).  Advantages of using peroxide 
are: better heat stability; better reversion resistance, and; corrosion protection in 
metals due to absence of sulphur. Metal oxides can be used to cure chloroprene and 
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chlorosulphonated polyethylene rubbers. Selenium and tellurium can also be used 
as curing agents but their application is limited due to their toxic nature [16].    
 
Table  2.2: Type of curing systems [15]. 
Type 
Sulphur (S) 
(phr) 
Accelerators (A) 
(phr) 
A/S ratio 
Conventional curing 
system 
2 - 3.5 0.4 - 1.2 0.1 - 0.6 
Semi-efficient 
curing system 
1 - 1.7 1.2 - 2.4 0.7 - 2.5 
Efficient curing 
system 
0.4 - 0.8 2 - 5 2.2 - 12 
  
2.1.3 Accelerators for rubber compounds   
Sulphur vulcanisation is very slow, requiring large amounts of elemental sulphur at 
high temperatures and gives poor crosslink efficiency with unsatisfactory mechanical 
properties. Some inorganic chemicals such as zinc oxide and magnesium oxide 
were used to increase the sulphur activity and reduce the total cure time. Organic 
accelerators were not used for 65 years after the discovery of Goodyear-Hancock 
sulphur vulcanisation. Aniline was the first organic accelerator used with elemental 
sulphur. However, it was too toxic for use in the rubber industry.  Soon it was 
established that nitrogen-based accelerators could be used to shorten the cure time 
of rubber compounds. A number of nitrogen-based accelerators were used at 
laboratory scale but they were not suitable for rubber vulcanisation on larger scale 
because these accelerators produced nitrogen gas during curing which resulted in 
porous products. In 1921, the first delayed action accelerator was developed [18] 
and later on, sulphenamide accelerators were used for the fast curing of rubber 
compounds [19-20]. On the basis of chemical structure, accelerators can be 
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characterised into eight classes. The cure rates of different accelerators in sulphur 
cure systems are given in Table 2.3. 
Table  2.3: Comparison of different classes of accelerators [21]. 
Class Rate of curing 
Aldehyde-amine Slow 
Guanidines Medium 
Thiazoles Semi-fast 
Sulphenamides Fast-delayed action 
Sulphenimides Fast-delayed action 
Dithiophosphates Fast 
Thiurams Fast 
Dithiocarbamates Very fast 
Often rubber compounds with sulphur-cure systems contain two different types of 
accelerators. They are primary and secondary accelerators. Primary accelerators, for 
example sulphenamides and thiazoles, are delayed action accelerators, which 
provide considerable scorch delay and are medium to fast curing during the 
vulcanisation process. Major advantages of using these accelerators are to confer 
better processing safety and exhibiting a broad curing plateau with relatively low 
degree of crosslinking. The chemical structures of some primary accelerators are 
given in Fig. 2.5. 
 
Figure  2.5: Chemical structures of some primary accelerators. 
Sulphenamide Thiazole 
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Secondary accelerators which are often added with primary accelerators in sulphur-
cure systems are very scorchy and fast curing. A combination of primary and 
secondary accelerators gives good scorch resistance and fast curing compounds 
and moreover, rubber vulcanisates exhibit very good tensile and elastic properties 
due to high degree of crosslinking. Secondary accelerators include for example 
thiurams, guanidines and dithiocarbamates. Chemical structures of some secondary 
accelerators are shown in Fig. 2.6 [15]. There are also inorganic accelerators such 
as litharge, lime and magnesia which are less efficient than the organic ones and are 
used a lot less in industrial rubber compounds.  
 
Figure  2.6: Chemical structures of some secondary accelerators. 
 
Rubber vulcanisates may contain mono, di, or polysulphudic and sometimes 
accelerated-terminated pendant groups. The exact nature of crosslinks in a rubber 
vulcanisate depends mainly on the type of accelerator used and sulphur to 
accelerator ratio. Typical example of crosslink types and chain modification is shown 
in Fig. 2.7. Some accelerators, such as Tetramethylthiuram disulphide (TMTD), 
donate sulphur atoms during the vulcanisation process. The sulphur donor 
accelerators such as TMTD posses faster rate of cure and produce more di, or 
polysulphidic crosslinks between the rubber chains. The most widely used 
accelerators with their chemical structures are given in Table 2.4. 
 
Guanidine 
Dithiophosphate Dithiocarbamate 
Thiuram 
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Figure  2.7: Crosslink types and chain modification of rubber vulcanisates. 
 
Table  2.4: Common accelerators used in sulphur vulcanisation 
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2.1.4 Activators for rubber compounds 
Apart from elemental sulphur and organic accelerators, cure systems also require 
inorganic and organic activators. Activators are used to improve efficiency of the 
accelerators in the sulphur cure systems. Inorganic activators comprise mainly metal 
oxides such as zinc oxide, magnesium oxide, lead oxide and litharge. Zinc oxide is 
the most widely used activator and has become an integral part of the accelerated 
sulphur-cure systems in most industrial rubber compounds. Organic activators are 
fatty acids such as guanidine, ureas, weak amines, amides, poly alcohol and amino 
alcohol. Stearic acid and palmitic acid (fatty acids) are the most important organic 
activators in accelerated sulphur cure systems [22-23]. 
Zinc oxide and stearic acid are used as primary and secondary activators, 
respectively, in most sulphur cure systems.  Cure systems used in a large number of 
heavy duty industrial rubber articles for example tyres, conveyor belts and hoses 
contain these activators. These activators also increase the rate of vulcanisation and 
reduce the cure time. But, in the absence of accelerators, these activators are not 
effective and cannot increase the cure rate in rubber compounds (Fig. 2.8) [22].     
 
Figure  2.8: Effect of activators on the curing of natural rubber [22]. 
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2.1.5 Other ingredients for rubber compounds  
Apart from fillers and chemical curatives, rubber compounds contain many other 
ingredients such as retarders, antidegradants, processing aids, colour pigments and 
special purpose additives.  
Retarders reduce the scorchiness of a compound and increase the time which a 
rubber compound can remain at a certain temperature before it starts to crosslink. 
The most widely used retarder is cyclohexyl-N-thiophthalimide.    
Unsaturated rubbers such as natural rubber, styrene-butadiene rubber, and 
polybutadiene rubber are adversely affected by the action of oxygen, ozone, light, 
heat, metal catalysis and mechanical flexing and this causes them to age and 
deteriorate. When oxygen, ozone and light start reacting with the rubber chains, it 
will be difficult to stop the subsequent processes. To protect unsaturated rubbers 
against ageing and to increase the service life of rubber articles, antidegradants, e.g. 
antiozonants, antioxidants and waxes, are added to rubber during mixing. Waxes 
protect rubber by diffusing to the surface and forming a thin solid layer. On the other 
hand, antiozonants and antioxidants diffuse to the rubber surface and react with 
oxygen and ozone at a faster rate than the rubber chains do and by doing so retard 
the ageing process significantly [22]. Commercial antidegradants include amines 
(diphenylamine derivatives), (dihydroquinolines), (p-phenylenediamine–Di-Alkyl), (p- 
phenylenediamine-Alkylaryl), (p-pheneylenediamine-Diaryl) and 
mercaptobenzimidazoles). The largest groups of antidegradants are 
phenylenediamines because they provide good-excellent protection against O2, O3, 
and fatigue.     
Processing aids are added to modify viscosity, produce tack, provide flexibility at low 
temperatures and replace a portion of the base elastomer without substantial loss in 
physical properties. Plasticisers (petroleum oils: aromatic, paraffinic, naphthenic) 
increase the workability, flexibility and deformability of rubber; softeners (petroleum 
oils) soften rubber and lower its viscosity; tackifiers (hydrogenated rosins, pine tar, 
resins: petroleum, phenolic) increase surface adhesion of rubber between two 
dissimilar elastomers; peptizers (activated dithio-bisbenzanilide) reduce the 
molecular weight of rubber to make mixing easier and cut energy cost; lubricants 
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(paraffin wax, petroleum hydrocarbon, low molecular weight polyethylene) minimise 
friction between rubber and internal wall of processing equipment; release agents 
(paraffin wax, petroleum hydrocarbon) that are often oils or emulsions which are 
sprayed or brushed on the inner surface of a mould to facilitate the removal of the 
product after it is cured; homogenisers or compatibilisers (aliphatic-naphthenic-
aromatic resins) improve compatibility between dissimilar elastomers during mixing; 
extenders (polymeric esters, vulcanised vegetable oils, asphaltic hydrocarbon) 
replace a portion of elastomer in the compound to cheapen or extend compound 
such as oil [23].   
Colour pigments impart colours to non-black rubber compounds and make them 
more attractive for users. There are organic and inorganic pigments (phthalocyanine 
blues and greens, quinacridone reds, iron oxide reds, yellows and browns, cadmium 
sulphide, and chromium oxide green) and the organic ones provide high efficiency, 
brilliancy in colour and provide delegate shading.  
Special purpose additives are: blowing agents (sodium bicarbonate, ammonium 
carbonate and bicarbonate, dinitrosopentamethylene  tetramine, benzene sulphonyl 
hydrazide and azodicarbonamide) that are in rubber seals and shoe soles. These 
blowing agents decompose upon curing, producing neutral gas, such as nitrogen 
gas. The release of gas during rubber vulcanisation gives rise to pore formation, 
which produces the sponge rubber [16]. Reodorants are added to improve smell of 
rubber compounds, flame retardants (antimony trioxide and chlorinated derivates of 
paraffin hydrocarbons, zinc borate) to suppress the ability of rubber to burn easily 
and produce flames, and UV absorbers (carbon black, barium sulphate and calcium 
carbonate) to absorb UV irradiation and prevent them damaging rubber in service.    
2.2 Health, safety and the environmental issues related to rubber 
compounds 
As mentioned earlier, rubber compounds contain up to twelve different chemical 
ingredients including chemical curatives. Selection of suitable cure systems for 
rubber compounds is an important step in ensuring good mechanical properties of 
the manufactured rubber article. Sulphur cure systems have different effects on 
rubber properties. Two natural rubber formulations for engine mounting based on 
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conventional and efficient vulcanisation (EV) cure systems are shown in Table 2.5. 
The rubber compound with the conventional cure system had up to 9.5 phr and the 
one with the EV system 10.1 phr chemical curatives. The rubber compound cured 
with the EV system had higher tensile strength, elongation at break, better heat 
resistance, higher abrasion and greater reversion resistance during curing which 
made it a more suitable compound for large scale industrial production. Notably, the 
fatigue life of both compounds at room temperature was similar but at higher 
temperatures, the fatigue life of the EV cured rubber compound was 3-4 times better 
than that of the conventional cured rubber.  Both rubber compounds contained 5 phr 
zinc oxide (primary activator) and 1 phr stearic acid (secondary activator), which 
added to 6 phr. Also, the rubber compound with the EV cure system had up to 2.9 
phr accelerators, whereas, the compound with the conventional cure system had 1.2 
phr accelerator. For reducing the viscosity, both compounds had 12 phr of the 
naphtenic oil as a processing aid. A combination of dioctylated diphenylamines, N-
isopropyl-N-phenyl-P-phenylenediamine, zinc salt of marcaptotoluimidazole, and 
phenylene-acetone reaction products were used as antidegradants and antioxidants 
[24]. 
The EV cure system contained a smaller amount of elemental sulphur, i.e. 1.2 phr 
whereas the conventional cure system had 2.3 phr elemental sulphur. The EV cured 
rubber vulcanisate possessed better mechanical and cure properties but the total 
amount of the chemical curatives in the EV cure system was too high. Furthermore, 
the presence of ZnO in rubber compounds has come under growing scrutiny 
because of environmental concerns [25]. Since the rubber industry is the largest 
single market for ZnO, the elimination or a more restricted use of ZnO in rubber 
compounds will help to reduce damage to the environment. These two compounds 
each had 5 phr ZnO which was excessive.   
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Table  2.5: Natural rubber compounds for engine mountings [24]. 
Compound Conventional (phr) EV (phr) 
Natural rubber  100 100 
Stearic acid* 1 1 
Zinc oxide* 5 5 
Carbon black (N330) 21 - 
Carbon black (N550) - 10-40 
Carbon black (N774) 21 10-40 
Naphtenic oil 12 12 
Dioctylated diphenylamines  1.5 - 
N-Isopropyl-N-phenyl-P-Phenylene 
diamine 
2 - 
Zinc 2-marcaptotoluimidazole - 1-3 
Diphenylamine-acetone reaction 
product 
- 2-4 
Sulphur* 2.3 0.6-1.2 
Tetramethyl thiuram disulphide* - 0.1-0.4 
Morpholinodithio-benzothiazole* - 1.0-1.5 
Benzothiazole sulphenamide* 1.2 0.3-1.0 
* Chemical curatives  
Rubber articles for instance car and lorry tyre treads wear out in service and produce 
rubber debris and particles of different sizes which contain chemical curatives in 
them. According to some statistics released in Sweden in late 1990s, debris and 
solid particles produced by wear and tear of tyre tread on roads contributed about 
150 tonnes of ZnO per year to the environment. Similarly, debris and particles from 
worn out tyres released about 7500 tonnes of ZnO into the environment in the United 
States [26]. Most rubber articles are disposed off in land-fills at the end of their useful 
service life. Whilst in the land-fill sites, chemical curatives such as ZnO and un-
reacted accelerators leach out and contaminate the underground water sources. 
This also pollutes drinking water and harms marine and human lives. For example, 
2-(2,4-dinitrophenylthio)-benzothiazole,N,N-dimethyl-para-nitrosoaniline,N-
oxydiethylene benzothiazole 2-sulpheneamide, and 4-morpholinyl-2-benzothiazole 
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disulphide accelerators are classified as a potential cancerogen [27]. Therefore, 
most chemical curatives are harmful to human and animal lives and the environment, 
and their use in rubber compounds must be restricted or eliminated altogether. 
Carbon blacks which are used extensively to reinforce rubber properties are also 
damaging to health because they contain poly cyclic aromatic hydrocarbons (PAH) 
on their surfaces which make them highly cancerous [28-30].     
Recently, a new technology was developed which reduces excessive use of the 
chemical curatives in rubber compounds [31-33]. 
 This technology consists of three simples steps. 
1 – Mix raw rubber with precipitated amorphous white silica filler the surfaces of 
which are pre-treated with bis(3-thriethoxysillylpropyl-)-tetrasulphane (TESPT) or 
Si69 coupling agent.  
2 – Activate the rubber-reactive tetrasulphane groups of TESPT by adding an 
accelerator and measure the minimum amount of accelerator needed to optimise the 
chemical bonding between the rubber and TESPT and to increase the crosslink 
density of the rubber.  
3 – Improve the efficiency of the accelerator and optimise the chemical bonding and 
crosslinking between the filler and rubber by adding an activator.   
The idea is to measure the minimum amounts of these chemical curatives needed to 
fully cure the rubber and by doing so, reduce the excessive amounts of these 
chemicals in rubber compounds.   
This method was used to crosslink and reinforce NR, SBR and BR rubbers and 
helped to reduce the number and amount of the chemical curatives in these 
compounds considerably without compromising the good mechanical properties of 
the rubber vulcanisates, which were essential for long service life [31-33].  
For example in one study, polybutadiene rubber (BR) was mixed with 60 phr of a 
sulphur-bearing silanised silica nanofiller. To cure the rubber, N-t-butyl-2-
benzothiazole sulphenamide (TBBS; a safe-processing delayed action accelerator) 
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was added. The rubber was subsequently cured at 140oC to produce a cure trace 
from which torque was measured (Fig. 2.9). Torque is the difference between the 
maximum and minimum torque values on the cure trace of the rubber and indicates 
the crosslink density changes. The loading of TBBS was increased to 11 phr. Figure 
2.10 shows ∆torque as a function of the TBBS loading. Torque increased to           
87 dN m when the loading of TBBS was raised to 7.5 phr. Further increases in the 
amount of TBBS to 11 phr had little effect on ∆torque, which remained at about      
90 dN m. Therefore, the addition of 7.5 phr TBBS was sufficient to optimise the 
chemical bonding between the rubber-reactive tetrasulphane groups of TESPT and 
the rubber chains [32].  
 
Figure  2.9: A typical cure trace of BR rubber filled with 60 phr of a sulphur- bearing 
silanised silica nanofiller produced in ODR. 
The inclusion of ZnO enhanced the crosslink density of the rubber even more 
significantly (Fig. 2.11). Torque for the silica-filled rubber with 7.5 phr TBBS 
increased to 131 dN m when 0.5 phr ZnO was added and showed no further 
improvement thereafter when another 1 phr ZnO was incorporated into the rubber.  
Clearly, 0.5 phr ZnO was sufficient to optimise the efficiency of TBBS and the cure 
[32].  
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Figure  2.10: Torque as a function of TBBS loading for the BR rubber with 60 phr 
silanised silica [26]. 
 
Figure  2.11: Torque versus ZnO loading for the BR rubber filled with 60 phr 
silanised silica and 7.5 phr TBBS. 
Figure 2.12 shows effect of an increasing loading of stearic acid on the torque of 
the silica-filled rubber with 7.5 phr TBBS. The addition of stearic acid to the rubber 
offered no benefit to the crosslink density and in fact it had a detrimental effect on 
the torque value. Torque decreased from 87 to 66 dN m when 0.2 phr stearic acid 
was added and remained at this level until the loading of stearic acid reached 2.5 phr 
[32].   
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Figure  2.12: Torque versus stearic acid loading for the BR rubber with 60 phr 
silanised silica and 7.5 phr TBBS. 
Interestingly, when stearic acid was added to the silica-filled rubber with 7.5 phr 
TBBS and 0.5 phr ZnO (Fig. 2.13), initially torque increased from 131 to 134 dN m 
with up to 1 phr stearic acid, and then it dropped to approximately 113 dN m as the 
loading of stearic acid was increased progressively to 2.5 phr. The cure gained very 
little benefit from the addition of stearic acid.  
 
Figure  2.13: Torque versus stearic acid loading for the BR rubber with 60 phr 
silanised silica,  7.5 phr TBBS and 0.5 phr zinc oxide. 
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It was also noted that reducing excessive use of these chemical curatives did not 
adversely affect the mechanical properties of the rubber vulcanisate. The hardness 
was 72 Shore A, tensile strength 17 MPa, elongation at break 606 %, modulus at 
100 % strain amplitude 2.2 MPa, and tearing energy 30 kJ/m2. For a polybutadiene 
rubber cured with 1.5 phr TBBS, 1.5 phr elemental sulphur, 3 phr ZnO, and 2 phr 
stearic acid (total amount of chemical curatives = 8 phr) and reinforced with 79.6 phr 
silica and 6.4 phr TESPT (total amount of silica and silane 86 phr), a tensile strength 
of 5.9 MPa, elongation at break of 295 % and modulus at 100% strain amplitude of 
1.8 MPa have been reported [34]. The tensile strength, elongation at break and 
modulus at 100% strain amplitude were 65%, 51%, and 18% lower, respectively, 
than those reported for our compound in spite of using 43% more silica and silane 
and  7% more chemical curatives in the rubber formulation. 
This novel technique for crosslinking and reinforcing unsaturated rubbers such as 
polybutadiene with a sulphur-bearing silanised silica nanofiller offered numerous 
advantages over the more traditional sulphur-cured carbon black-filled rubber 
compounds. These benefits were: 
 Elimination of secondary accelerators from the cure systems; 
 Significant reduction in the use of ZnO in the cure system; 
 Elimination of stearic acid from the cure system which is often used as 
secondary activator with ZnO.  
Other benefits were improvement in health, safety and the environment as well as 
significant cost reduction as a result of using much less chemical curatives in rubber.  
2.3 Blooming of chemical curatives in rubber compounds 
Normally, sulphur cure systems in industrial rubber products contain primary and 
secondary accelerators, primary and secondary activators and elemental sulphur.  
These chemicals are added during various stages of mixing with the specific aim of 
dispersing them uniformly throughout the rubber to achieve the best possible effect 
on the downstream processing of the compound and mechanical properties of the 
cured products. However, when the solubility of the compounding ingredients in the 
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rubber is low, blooming may occur on the surface. This will affect the overall 
performance and properties of the rubber compounds.  
Blooming is a process of diffusion of chemical additives dissolved in the rubber to the 
surface, followed by crystallisation. Crystallisation from supersaturated solution takes 
place more readily on the surface than in the rubber itself. This can be due to lack of 
equilibrium in concentration, which leads to transport of the ingredients to the surface 
[35,36].    
Since Charles Goodyear discovered in 1839 that heating raw rubber with elemental 
sulphur modified the rubber to retain its shape, sulphur has been used as one of the 
major curing agent in rubber compounds. Trillat in 1946 prepared different rubber 
samples containing 1, 5, 10 and 32 % by weight sulphur. Samples were vulcanised 
at 143oC and examined by radiomicrography for the effect of sulphur content and 
time of vulcanisation. It was found that after 6 h vulcanisation time, no free sulphur 
was present on micrographs. But when the sample having 32 % by weight sulphur 
was vulcanised up to 1/2 h, some large droplets appeared which were due to the 
presence of free sulphur.  Interestingly, when the time of vulcanisation increased to  
3 h, droplets disappeared from the rubber and transformed into bloom. The 
appearance of bloom was due to the presence of free sulphur in the rubber, which 
reacted completely with the rubber when vulcanised for longer periods of time [37]. 
Blooming of sulphur depends on its solubility in various elastomers. If sulphur is 
added at concentrations above its solubility limit in rubber, on heating sulphur makes 
supersaturated solution and crystallises on cooling, producing bloom. Ludwig [38] 
prepared solutions of rubber by mixing rubber into acetone and carbon tetrachloride. 
Solution was dried on glass slide and after drying, sulphur was mixed with the half 
portion of the samples.  Samples were examined under hot stage microscope. 
Results showed two separate phases: one phase was sulphur mixed with rubber 
(right hand side of the image in Fig. 2.14) and the other, sulphur and rubber were not 
mixed together (left hand side of the image in Fig. 2.14). On heating, the sulphur 
melted and converted into droplets and these droplets started to diffuse into the 
rubber sample (Fig. 2.15). On cooling, sulphur precipitated into droplets, which 
ultimately became centres of crystallisation. Initially a monoclinic form of crystals was 
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produced which transformed into a rhombic form of crystals after few days (Fig. 
2.16).    
 
 
    
 
 
 
 
 
Figure  2.14: The dark portion showing sulphur contents in rubber [38]. 
 
 
 
 
 
 
 
 
Figure  2.15: Formation and diffusion of sulphur droplets on heating [38]. 
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Figure  2.16:Formation of crystals and conversion of crystals from monoclinic form 
into rhombic form [38]. 
To reduce blooming of sulphur in rubber compounds insoluble sulphur can be used, 
which is prepared by rapid cooling of sulphur melt. On heating above its melting 
temperature, i.e. 90oC, insoluble sulphur can be converted into soluble sulphur. 
Therefore, above its melting point sulphur is soluble in rubber and will bloom. 
However, when rubber is cured below the melting point of sulphur, sulphur is 
insoluble and will not bloom to the rubber surface [36]. Note that industrial rubber 
articles are often cured at 140 to 240oC which is well above the melting point of 
sulphur. Hoover and co-workers [39] investigated blooming of sulphur in some tyre 
tread and tyre belt skim compounds. Two belt compounds, one containing 5 phr 
soluble sulphur and the other, containing 5 phr insoluble sulphur were prepared and 
put in contact with a tyre tread compound containing 1.75 phr soluble sulphur. Prior 
to vulcanisation at 170oC, heat treatment of these plied compounds was carried out 
in a press at temperatures 90 to 130oC for up to 30 minutes. At 90oC, no sulphur 
blooming was noted in the ply compound having insoluble sulphur, whereas, an 
extensive blooming was observed in the ply compound containing the soluble 
sulphur. The compounds exhibited a similar behaviour up to 110oC. But when the 
temperature was increased to 130oC, migration increased in the ply compound with 
the soluble sulphur. The ply compound having the insoluble sulphur also exhibited 
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sulphur migration at high temperatures. This was due to the reversion of insoluble 
sulphur to soluble sulphur, which then took part in the migration process.  
Apart from elemental sulphur, accelerators can also bloom to the rubber surface in 
both vulcanised and unvulcanised rubber compounds. The blooming behaviour of 
accelerators depends on the type of accelerator used and nature of the elastomer 
which they are mixed with. As mentioned earlier, blooming depends mainly on the 
interaction between the polymer chains and the migrating chemical. The low polarity 
of BR rubber results in week interaction between the rubber chains and accelerators. 
Hence, blooming of accelerators is more feasible in BR compounds than in NR and 
SBR compounds. Amongst different classes of accelerators, the sulphonamide types 
have more tendencies to diffuse to the rubber surface and bloom. The rate of 
migration of the thiazole accelerators to the rubber surface is greater than the 
thiuram and lesser than the sulphonamide accelerators [40]. 
In a study by Lederer and co-workers [41], they used a simple method to measure 
the diffusion of six different chemical curatives which included N-t-butyl-2-
benzothiazole sulphenamide (TBBS), benzothiazyl disulphide MBTS, (2-
morpholinothio)benzothiazole (MBS), N-(cyclohexylthio)phthalimide (CTP), 4,4י-
dithiodimorpholine (DTDM) and sulphur across the interface of some uncured natural 
rubbers. In this method, the plies assembly of uncured samples were pressed at 
room temperature as shown in Fig.2.17. The samples were placed at 23oC and 45 
oC for up to 17 days for diffusion of the curatives to take place. The results showed 
that diffusion of the curatives depended on the type of curative and its molecular 
weight. The rate of diffusion was inversely proportional to the molecular weight of the 
curatives and directly proportional to the storage temperature and concentration of 
the curatives.  
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Figure  2.17: Diffusion test specimen. 
2.4 Blooming of waxes and antidegradants in rubber compounds   
Unsaturated rubbers such as NR, SBR and BR age by ozone and oxygen in air and 
this is called environmental ageing. This occurs because oxygen and ozone attack 
the unsaturated sites or chemical double bonds in the elastomer. For example, 
ozone ageing produces cracks on the rubber surface perpendicular to the direction 
of the applied stress when the strain amplitude on the rubber sample exceeds 5-6%. 
These cracks grow eventually under repeated stressing, reaching a critical length 
and cause catastrophic failure of the articles in service. To protect rubber against 
environmental ageing and premature failure, use of petroleum waxes is common in 
rubber compounds. At temperatures above its melting point, i.e. 38 to 74oC, the wax 
is very soluble in the rubber, but at ambient temperature the solubility is reduced. 
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During mixing, the wax dissolves in the rubber and remains in solution during high 
temperature curing.  However, as rubber cools to below its melting temperature after 
curing, it becomes less soluble and becomes supersaturated in the rubber. The wax 
then crystallises on the rubber surface and the concentration of the dissolved wax 
decreases to its equilibrium value. As a result, a concentration gradient is formed in 
the rubber which causes wax to diffuse to the surface forming a bloom [42]. This 
protective layer acts as a shield against attack by ozone and oxygen.  Broadly 
speaking, there are two types of waxes: paraffinic waxes and crystalline waxes. Use 
of waxes depends mainly on the environmental temperature because different waxes 
have optimum bloom at different temperatures. However, under dynamic conditions 
when rubber is strained sometimes up to hundreds of percent, the wax layers 
fracture and separate from the rubber and consequently, the rubber looses 
protection and is exposed to ageing by ozone and oxygen. Hence, waxes do not 
effectively protect rubber articles which undergo dynamic flexing in service. To 
compensate for this deficiency, different antidegradants based on p-
phenylenediamine (PPD) are used with paraffin waxes in rubber compounds. PPD 
antidegradants and waxes are added to rubber during various stages of mixing. 
Antidegradants diffuse to the rubber surface and react with ozone and oxygen and 
by doing so provide a measure of protection for the rubber. It must be noted that 
antidegradants eventually run out and then rubber will be exposed to environmental 
ageing [42].  
Blooming of paraffin and crystalline waxes are affected by various factors. In a study, 
Nah and Thomas [43] measured effect of the degree of crosslinking on the rate of 
wax blooming in natural rubber. They prepared four rubber compounds with 1.0, 1.6, 
2.0, and 3.0 phr of dicumyl peroxide (DCP, curing agent) so that the rubber 
vulcanisates had different degree of crosslinking or crosslink densities. They also 
mixed two pure non-commercial paraffin waxes eicosane (C20H42) and docosane 
(C22H46) with the rubber. The rubber samples were left to bloom at 22 ± 2oC. The 
total amount of the bloom wax that had came out as a function of time, t , was 
measured.  They found that at initial stages, the bloom mass was proportional to t ½ 
as was expected for a diffusion-controlled process (Figs. 2.18 & 2.19). However, at 
sufficiently long times, blooming stopped and the amount of wax staying in the 
rubber indicated the solubility in the rubber. It was also concluded that the rubber 
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vulcanisate with high crosslink density bloomed more rapidly and the rate of 
blooming increased as a function of the concentration of wax. 
The results also showed that the rate of blooming increased as a function of the 
crosslink density of the compounds. The driving force behind the blooming of the 
waxes was the elastic forces around the wax particles. On this basis, vulcanised 
compounds showed more blooming when compared with the unvulcanised ones. 
Antidegradants also showed a similar behaviour. The migration of the antidegradants 
increased as a function of crosslink density of the rubber. It was concluded that the 
elastic stresses in the rubber vulcanisates increased and the distance between the 
crosslinks decreased with increases in the crosslink density and this explained the 
observations aforementioned [44].     
 
 
Figure  2.18: Blooming of docosane in NR vulcanisates. (●) 1.0phr DCP, (∆) 1.6phr 
DCP, (○) 2.0phr DCP [36]. 
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Figure  2.19: Blooming of eicosane in NR vulcanisates. (●) 1.0phr DCP, (▲) 1.6phr 
DCP [36]. 
Sung-seen Choi [45] investigated the migration behaviour of waxes to rubber 
surfaces. Three carbon black filled NR, SBR, and BR rubber compounds were 
prepared with 3 phr of each wax. The waxes consisted mainly of normal alkanes and 
their isomers but in this study only normal alkanes were considered with C22 to C38 
carbon atoms. Migration of waxes in NR was found to be more sensitive to the size 
and molecular weight of the alkanes when compared with the SBR and BR rubbers. 
The results showed that migration of the waxes to the rubber surfaces decreased 
with the molecular weight of the alkanes. The rate of migration also increased as a 
function of temperature. At high temperatures, evaporation of the migrated waxes 
from the rubber surfaces increased and also extent of the migration of the waxes to 
the rubber surfaces increased. 
 Migration behaviour of the waxes and antidegradants also depends on the 
interaction with rubber and filler. The extent and rate of migration of waxes in natural 
rubber vulcanisates were found to be higher than those of the antidegradants. 
Because, the phenyl groups of the antidegradants have higher interaction with 
carbon black filler than the alkanes of the waxes. The migration of the 
antidegradants to the surface of carbon black filled natural rubber vulcanisates 
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without waxes was more than those vulcanisates containing waxes. The reason for 
this was the path length of the antidegradants and interface between waxes and 
surface of natural rubber vulcanisates. The wax migrates to the surface and forms a 
layer, as waxes have more tendencies to migrate than the antidegradants. The wax 
layer increases the path length and acts as barrier to the antidegradants which 
reduces the migration of the antidegradants [46]. 
Replacement of carbon black with silica filler can also reduce migration of waxes and 
antidegradants. Silica surface is composed of many hydroxyl and silanol groups. The 
presence of hydroxyl groups enhances the intermolecular interaction between waxes 
or antidegradants and the filler. The extent of migration of antidegradants decreased 
by increasing the loading of silica in rubber vulcanisates and this was due to the 
formation of strong hydrogen bonds between antidegradants and silica. Whereas in 
the case of waxes, migration increased by increasing the loading of silica from 30 to 
50 phr. The reason for this was the interaction of the waxes with the rubber. The 
interaction of waxes increased with an increase in the rubber portion. But, migration 
of waxes reduced when loading of silica was raised from 50 phr to 70 phr. This was 
due to the wax path length. Silica is a very porous filler and the rise in the loading of 
silica from 50 phr to 70 phr increased the path length of the wax through the silica. 
The long path length caused by the increase in silica content gave longer time for 
wax to migrate to the surface of the NR vulcanisate [47].  
In summary, rubbers are the most versatile group of polymers ever known to man 
and are used in a wide range of industrial applications. Rubber chemicals are used 
to improve rubber properties. However, excessive use of these chemicals is no 
longer permitted under legislation. The two main challenges facing the rubber 
industry today are the need to minimise or eliminate the blooming of these chemicals 
on rubber surfaces and reduce excessive use of these chemical in rubber 
compounds.  Blooming of chemical curatives such as elemental sulphur, 
accelerators and activators is not desirable at all because these chemicals must stay 
in rubber to produce uniform crosslink density throughout the rubber during curing.  
Type and extent of crosslinking as well as crosslink density distribution affect the 
mechanical and dynamic properties of rubber vulcanisates [48]. However, blooming 
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of other chemicals for example paraffin waxes, antiozonants and antioxidants is very 
desirable and prevents environmental ageing from damaging rubber in service.  
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Chapter	3	
3 Fracture mechanics treatment of crack growth in rubber  
 
3.1 Introduction 
Rubber consists of long chain molecules and its elasticity is not considered only to 
be due to its long chain molecules but also due to comparative motion between 
these molecules due to the presence of thermal energy.  When stresses are applied 
to rubber, these molecules rearrange themselves. Rubber chains can recover to their 
original shape after removal of the applied load with short recovery time but during 
repeated stressing some irreversible changes set in because it is impossible for 
chains to completely recover after removal of the applied stress [1]. This can lead to 
initiation and growth of cracks in rubber. Therefore, studying how cracks initiate and 
grow in rubber is of major importance to rubber technologists and scientists.  
Fracture mechanics approach to crack growth in solid materials was first developed 
by Griffith in 1920 [2]. According to his criterion, for the formation of cracks and to 
produce new surfaces in a body, work must be done against the cohesive forces of 
the molecules. The work appears as the surface free energy. So, formation of cracks 
requires creation of surface free energy due to the loss of the stored energy. Cracks 
will only propagate if the loss in stored energy is greater than the surface free 
energy. If a crack ‘c’ grows by dc due to loss of stored energy ‘dW’, then the Griffith 
criterion can be expressed as 
 
                                        െቀࢊࢃࢊࢉ ቁ ൐ ࢀ	 ቀ
ࢊ࡭
ࢊࢉቁ                                                    3.1 
 
where T is the surface free energy per unit area ‘A’. 
Rivilin and Thomas [3] stated a new criterion for rubber vulcanisates, which was 
independent of the geometry of test piece. This criterion is the extension of Griffith 
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criterion and involves a characteristic tearing energy for rubber vulcanisates. It is 
given by 
െቀࣔࢃࣔࢉ ቁ࢒ ൌ ࢀ࢚                                                         3.2 
where T is the characteristic tearing energy of the vulcanisates not the surface free 
energy as in Griffith criterion, t is the thickness of test piece, and l  indicates the 
overall constant deformation of the test piece. 
Qualitative observation showed that even small stresses can cause noticeable 
tearing at the crack tip and this tearing continues with the overall deformation of 
vulcanisates. Catastrophic rupture occurs after the crack growth of a few hundredths 
of millimetres of test piece.  Quantitatively the criterion is independent of the shape 
of test piece but depends on the shape of the tip of the cut. If the method of 
producing the cut in the test piece is standardised then the characteristic energy for 
tearing can be used to find the force at which tearing will take place in the rubber 
vulcanisates. 
 Greensmith [4] outlined a crack growth theory for non-crystallising rubbers under 
static conditions. It was assumed that cracks would grow from naturally occurring 
flaws in rubber; this is only possible if local stresses are dominant as compared to 
stresses in bulk material. According to the theory, a crack grows with time at a rate 
governed by the imposed extension on the test piece. Two approaches were used. 
In the first method, rubber vulcanisates were extended at a uniform rate and the time 
and force of tearing were measured to propagate the crack of particular size. In the 
second method, rubber vulcanisates were stretched to a constant extension and the 
time was measured to propagate the crack to a particular length.  
Under static conditions, rate of crack growth is a function of tearing energy and is 
mathematically expressed as. 
ௗ௖
ௗ௧ ൌ ܣܶ௡                                               3.3 
where A and n are constants [5]. 
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Catastrophic failure occurs very early in the rubber vulcanisates when the rubber is 
extended under static conditions. To delay the catastrophic failure of the 
vulcanisates, small scale crack growth is necessary. But, observation and 
measurement of small scale crack growth is very difficult. Thomas [6] solved this 
problem by cyclic extension, i.e. specimen were relaxed after a particular extension 
and then re-extended to the same level. The crack growth was measured as a 
function of the number of cycles. It was also found that growth of cracks became 
slow after some number of cycles. Andrews [7] found that the decrease in the crack 
growth rate after some number of cycles was due to the roughness of crack tip. The 
discrepancy was removed by careful formation of cracks and its regular observation 
for the signs of roughness of crack tip during the cyclic propagation of the cracks. 
Due to the smooth crack tip, crack propagates in a well defined path during each 
cycle, which represents the maximum localised stress distribution around the crack 
tip. Crack growth as a function of the number of cycles for a natural rubber 
vulcanisate containing rough and smooth cracks is shown in Fig. 3.1. 
 
Figure  3.1: Crack growth in natural rubber vulcanisates: (A) with the rough crack tip, 
(B) with the smooth crack tip [7]. 
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Lake and Yeoh [8] carried out some work to study the effect of crack tip sharpness 
on the propagation of cracks in crystallising, non-crystallising, filled and unfilled 
rubber vulcanisates. Small scale tearing appeared from a sharp crack tip in a stick-
slip manner at low tearing energies. The blunting of the crack tip resulted in an 
increase of tearing energy. The nature of tip blunting differed depending on the type 
of elastomer, and different vulcanisates of the same elastomer. Inclusion of fillers in 
the filled vulcanisates tended to increase the roughness of the crack tip. 
Papadopoulos and co-workers [9] examined the phenomena of transition of sharp-tip 
crack growth to blunt-tip crack growth. Fast rate of crack growth was observed with 
sharp crack tip produced from a razor blade, but the rate of crack growth decreased 
with the roughening of the crack tip. This was so because splitting or branching of 
the crack tip led to sharing of the strain energy release rate between them. 
Experiments were done on both NR and SBR vulcanisates to study the effect of 
fillers. It was found that adding fillers to these rubbers facilitated the roughening of 
the fracture surfaces from sharp-tip to blunted-tip. Unfilled SBR showed rapid 
jumping type of crack growth behaviour. 
Lake and Lindley [10] measured the fatigue life and crack growth of some non-
crystallising SBR vulcanisates under both static and dynamic conditions for two 
different shapes, pure shear and tensile test pieces. Under static condition, non 
crystallising SBR rubber showed crack growth and fatigue failure but crystallising NR 
rubber showed crack growth and fatigue failure only when tearing energy exceeded 
the catastrophic tearing energy of the vulcanisates.  Cut growth and fatigue failure 
changed with temperature for the SBR vulcanisate, whereas, there was little 
variations in the crack growth and fatigue failure of the NR vulcanisate. Under 
dynamic conditions, cut growth was proportional to the fourth power of the tearing 
energy for the SBR vulcanisate and for the NR vulcanisate, it was proportional to the 
square power.  At low strains, crack growth in different vulcanisates was influenced 
by ozone concentration. If the tearing energy was below the threshold value (i.e. 
minimum energy for mechanical crack growth) the crack growth was mainly due to 
ozone attack also known as ozone cracking. Increasing the concentration of ozone 
at low strain (less than 40%) increased the crack growth rate but at above 100% 
strain, ozone had much less or no effect on the crack growth rate [11,17].  
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The threshold tearing energy of the natural rubber gum vulcanisates under dynamic 
condition was much less than the threshold tearing energy of the vulcanisates under 
static conditions. This was mainly due to the strain induced crystallisation in natural 
rubber. Tearing energy also increased with the blunting of the crack tip [12]. Kaang 
and co-workers [13] presented a new test method for measuring the crack growth 
rate of rubbery materials. Tests were designed to measure crack growth rate as a 
function of tearing energy under different test temperatures and load frequencies. 
Crack length was measured by using a high speed CCD camera. A schematic 
diagram of the machine is shown in Fig. 3.2. By using this new methodology, the 
power law relation between the crack growth rate and tearing energy was confirmed 
for some SBR and NR vulcanisates. 
 
 
Figure  3.2: Schematic diagram of a newly designed test machine for measuring the 
crack growth characteristics of rubbery materials under repeated stressing [13]. 
1 motor, 2 high-speed CCD colour camera, 3 clamps, 4 main shaft, 5 cylinder, 6 stop ring, 7 
crosshead, 8 load cell, 9 chamber,10 cylinder handle, 11 cam. 
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Propagation of cracks in natural rubber and polybutadiene rubber vulcanisates under 
dynamic loading depended on the formation of secondary cracks. Normally, initial cut 
splits into two secondary cracks, one of them stops growing due to blunting of the tip 
and the other grows and splits into more cracks (crack tip branching) which finally 
lead to catastrophic failure. Generally cracks grow normal to the straining direction 
but some times deviate from their normal path. Cracks do not propagate in the 
direction of loading but grow at a certain angle for some time and then come back to 
the direction perpendicular to the loading. Figure 3.3 shows some patterns of crack 
growth of natural rubber (Fig. 3.3 a) and polybutadiene rubber (Fig. 3.3 b) [14].     
 
             
 
Figure  3.3: Crack patterns during dynamic loading.(a) natural rubber, (b) 
Polybutadiene rubber [14]. 
Ko and Park [15] examined some fracture properties of natural rubber vulcanisates 
with varying loading of silica and carbon black using tensile specimen with edge cut. 
The loading of silica and carbon black varied from 0 phr to 50 phr, and mixing of the 
fillers with the rubber was done in a Banbury mixer followed by the addition of 
chemical curatives on two roll mill. Tensile strength, tearing energy, and inherent 
flaw size of the vulcanisates decreased with the increasing loading of silica. It was 
shown that weak filler-polymer interaction has adverse effect on the crack growth 
resistance. Factors such as filler type and filler content in vulcanisates have more 
effect on the crack growth propagation than the crack initiation behaviour [16].  
a b
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As mentioned earlier, rubber articles under repeated stressing fail due to the 
initiation and growth of cracks. Two main approaches have been used for predicting 
the fatigue life of rubber vulcanisates: crack nucleation and crack growth. 
3.2 Crack nucleation approach 
Fatigue life due to crack nucleation can be defined as the number of cycles required 
for the formation of certain size cracks in rubber articles. The formation of these 
cracks appears to be due to the presence of certain inherent flaws in vulcanisates. 
Parameters used for crack nucleation prediction in rubbers are maximum principal 
stain and strain energy density. Traditionally, fatigue life of rubber vulcanisates is 
predicted in term of strain. Cracks commonly initiate on a plane normal to the loading 
axis [18].  Cadwell and co- workers [19] investigated effect of minimum strains on the 
fatigue life of an unfilled natural rubber vulcanisates. The experiments were 
performed at minimum engineering strain in the range -40 to 630% under strain 
amplitudes of 25-350%. Results showed that under constant strain amplitudes up to 
230 %, the maximum fatigue life was achieved at 200% minimum engineering strain 
but for higher strain amplitudes the maximum fatigue life was at about 150% 
minimum strain. Cracks initiated both on the surface and edges of the samples, and 
moreover, presence of surface cracks suggested that flaws were intrinsic to rubbers 
and were not due to die cutting [20]. Strain energy density is a very important 
parameter for finding the strain energy release rate, which under certain conditions is 
proportional to the strain energy density and crack size [4, 10, 12]. The strain energy 
release rate can be found by integrating the stress-strain curve of the material 
tested. 
3.3 Application of the fracture mechanics theory to crack growth in 
rubber   
The strain energy release rate or fracture mechanics approach is based on the 
already existing cracks or flaws in rubber.  The approach was introduced originally 
by Griffith [2] in 1920 for solids and was based on the surface energies of the cracks. 
Griffith stated that if a body having linear stress-strain relationship can be deformed 
from the unstrained condition to equilibrium by surface forces, the potential energy 
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for the latter is diminished by an amount equal to twice the strain energy, therefore 
the net reduction in potential energy is equal to the strain energy and so the total 
decreases in potential energy due to crack formation is equal to the increases in 
strain energy less the increases in surface energy. Subsequently, this approach was 
extended by Thomas, Rivlin, and Lake [2, 3, 8, 10, 11] to rubber-like materials, which 
have non-linear inelastic behaviour. The main parameter in the crack growth 
approach is the strain energy release rate or tearing energy which is defined as: 
ܶ ൌ െቀడ௎డ஺ቁ௟                                                        3.4 
where T is tearing energy, U total energy stored in the test piece of cross-sectional 
area A. The subscript l represents no external work on the test piece. It is possible to 
derive T in terms of the test piece geometry and applied force [3, 21]. 
Lindley [22] described three different methods for determining tearing energy. These 
methods included change of total energy, crack surface displacement and 
comparison with known values of tearing energy. Change of total energy mainly 
based on the rate of change of stored energy (U) with crack area (A). Experiments 
were performed  on natural rubber vulcanisates by putting a long strip of uniform 
thickness and width and converted this strip to two similar test pieces one with crack 
and the other without crack, and measured the force necessary to return the clamps 
to their original position. The energy change can be measured as: 
ܷ௢ െ ௖ܷ ൌ ׬ ሺܨ െ ܨ௖ሻ௟௟೚ ݈݀                                              3.5 
where U 0 and U c were total energy stored in the test pieces without crack and with 
crack, respectively, (F-Fc) the force necessary to return the clamps, l and l0 were 
strained and unstrained lengths [23].  
The relationship between the energy release rate of an elastic body with propagating 
flaws and displacement of flaws surfaces was examined by Key [24].  The strain 
energy release rate depended on the shape of the flaws or cracks. The third method 
of finding the energy is the comparison with the known values. The crack growth rate 
of the vulcanisates depends on the tearing energy and is independent of the type of 
test pieces. Once the crack growth characteristics are determined, the comparison of 
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tearing energy can be made for similar vulcanisates under similar test conditions by 
reference to the crack growth characteristics [22]. 
Tearing energy can be calculated for different test piece geometries in terms of an 
easily measurable applied force, which makes it convenient for experimental 
purposes.  Some common test pieces which are used for tear and other fracture 
measurements are shown in Fig. 3.4. 
 
Figure  3.4: Crack growth test pieces from which T can readily be calculated: (a) 
trousers, (b) pure shear, (c) angled, and (d) split [10, 21, 25-27]. 
 
a. Tearing energy for trouser test piece geometry is given by: 
ܶ ൌ ଶிఒ௧ െ ݓܹ                                                   3.6 
where F is applied force to each leg, λ extension ratio, t test piece thickness, w test 
piece width, and W  strain energy density in legs. 
FB
FB 
FA 
FA 
53 
 
b. Tearing energy for pure shear test piece geometry is given by: 
ܶ ൌ ܹ݄௢                                                        3.7 
where W is stain energy density in the central region of test piece away from the 
crack, and h0 unstrained height of test piece. 
c. Tearing energy for angled test piece geometry is given by: 
ܶ ൌ ଶி௧ sin ߙ 2ൗ                                                       3.8 
where α is angle of test piece, F applied force, and t thickness of the test piece 
d. Tearing energy for split test piece geometry is given by: 
ܶ ൌ ሾܨ஺ߣ஺ sinΩ ൅ ܨ஻ሺߣ஺ cosΩ െ ߣ஻ሻሿ ݐൗ െ ݓሺ ஺ܹ െ ஻ܹሻ                3.9 
where FA, FB are forces applied to the respective pairs of legs, λA, λB and WA, WB are 
corresponding extension ratios and strain energy densities, 2Ω is angle of opening of 
legs, and w and t are width and thickness of the test piece. 
Failure under cyclic loading is mostly represented in terms of fatigue due to initiation 
and growth of one or more cracks in vulcanisates. Cyclic crack growth can be 
characterized in terms of strain energy release rate. The amount of crack growth can 
be determined by the maximum tearing energy attained and is not influenced greatly 
by way in which it is attained [8]. So, cyclic crack growth rate can be expressed as: 
ௗ௖
ௗ௡ ൌ ݂ሺܶሻ                                                         3.10 
where c is crack length, n number of cycles and T  maximum tearing energy. 
For analysis of crack growth characteristics, suitable test piece geometries are 
necessary because T can be calculated in terms of measureable quantities. Trouser 
and pure shear test pieces are widely used for this purpose. But in both cases, T is 
independent of crack length. For tensile strip with an edge crack, as shown in Fig. 
3.5, T can be calculated in term of crack length c as [3]: 
ܶ ൌ 2ܹ݇ܿ                                                        3.11 
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where W is stain energy density and k  a varying function of strain, which can be 
calculated in terms of extension ratio λ as [22]: 
݇ ൌ గ√ఒ                                                           3.12   
 
Figure  3.5: Tensile strip test piece with an edge crack of length c. 
 
At intermediate tearing energy region, Eq 3.10 is approximated by a power law form, 
where B and β are constants. 
ௗ௖
ௗ௡ ൌ ܤܶఉ                                                        3.13 
But at low energy release rate, power law relation is no longer valid and it is replaced 
by a linear relationship. 
ௗ௖
ௗ௡ ൌ ܣሺܶ െ ௢ܶሻ                                                  3.14 
At moderate or high strain amplitudes, fatigue life of rubber articles is calculated by 
using equation with an initial flaw size co. 
F 
F 
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ܰ ൌ ଵቂሺఉିଵሻ஻ሺଶ௞ௐሻഁ௖೚ഁషభቃ                                               3.15 
where N is fatigue life and co equivalent crack length of largest naturally occurring 
flaw that is present in rubber. Values of natural flaw sizes typically obtained for 
different rubber vulcanisates were typically in the range of 20-60 µm [10, 21, 25-27] 
 
The relationship between crack growth rate, dc/dn, and tearing energy, T, is known 
as crack growth characteristics. Lake [26] showed that crack growth characteristics 
of vulcanisates were independent of the type of test piece geometries. Figure 3.6 
shows crack growth characteristics for unfilled natural rubber using different test 
piece geometries.  
 
Figure  3.6: Cyclic crack growth rate, dc/dn, versus maximum tearing energy, T, for 
an unfilled natural rubber vulcanisate obtained using various test pieces . □,trousers; 
∆, pure shear; ○ tensile strip with an edge crack. The test pieces returned to zero 
strain during cycling. 
 
A lot of work has been done to find out the crack growth rate as a function of tearing 
energies for the unfilled and carbon black filled rubber vulcanisates. Typical crack 
T (kJ/m2)
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growth characteristics of unfilled SBR and NR vulcanisates are shown in Fig. 3.7 
using pure shear test piece. 
 
Figure  3.7: Cyclic crack growth rate, dc/dn, plotted against the maximum tearing 
energy, T, of the cycle (minimum  zero) on logarithmic scales for vulcanisates of 
natural rubber (o) and SBR (X). Inset shows the region near the threshold energy for 
mechanical crack growth To, plotted on linear scales. 
 
Lake [21, 25, 27, 28] separated the above graph into four regions. In the first region, 
the value of the tearing energy was below the threshold value (T0) which was a 
minimum amount of energy required to start mechanical crack growth in rubbers. 
Below this value ozone cracking took place, which was due to the chemical attack by 
oxygen and ozone in the rubbers. In region I, crack growth rate did not depend on 
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the mechanical loading or strain level. Region II, was where the transition occurred 
from ozone cracking to mechanical cracking. In this region between To and Tt, the 
crack grow was due to both mechanical loading and ozone damage. In this region, 
the rate of crack growth followed a linear relationship. Region III ranged between Tt 
and Tc, and this region followed power law relationship. In this region, pure 
mechanical crack growth took place at a considerably higher rate, which ultimately 
lead to a catastrophic failure at tearing energy Tc. After Tc, region IV started which 
represented the rapid growth of the crack which caused catastrophic failure in the 
rubber articles. The crack growth rate also depended on the type of the elastomer 
tested. As shown in Fig. 3.7, at low tearing energies crack growth rate of the SBR 
vulcanisate was slower than that of the NR vulcanisate. But, at high tearing energies 
SBR showed faster crack growth rate as compared to the results for the NR 
vulcanisate. So, it was concluded that the fatigue failure of SBR-based rubber 
articles in service under dynamic loading would be more sensitive to tearing energy 
increases.  
In summary, as this review has shown, most of the crack growth studies in recent 
years were carried out on carbon black-filled rubber vulcanisates. There are many 
factors which affect crack initiation and crack growth rate in rubber vulcanisates 
under static and dynamic loading.  For example: filler type; filler loading; level of the 
applied strain amplitude; cure system, and; rubber type. There has however been, 
comparatively little or no work done to measure and compare the cyclic fatigue life 
and crack growth rate of silica-filled rubber vulcanisates with those of carbon black-
filled rubbers. Since silica is replacing carbon black in rubber compounds, it will be 
essential to study and measure fatigue life and crack growth rate under different 
loading conditions in these relatively new rubber vulcanisates. The two methods 
mentioned above namely crack nucleation and crack growth have proved to be 
effective in characterising crack growth phenomena in carbon black-filled rubber 
vulcanisates and will be used subsequently in this work. Of particular interest will be 
effect of the blooming of chemical curatives on the cyclic fatigue life and crack 
growth rate of some silica-filled natural rubber vulcanisates. NR is used extensively 
in heavy duty applications such as passenger car tyres and engine mountings and 
can fail in service under repeated stressing due to crack initiation and crack growth.  
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Chapter	4	
4 Effect of the blooming of chemical curatives on the 
cyclic fatigue life of natural rubber filled with a silanised 
silica nanofiller 
 
4.1 Introduction 
As mentioned earlier, elemental sulphur was used in the middle of the nineteen 
century to modify natural rubber to retain its shape. Ever since, there has been an 
increasing trend to use chemical additives to improve processing and mechanical 
properties of raw rubbers. Industrial rubber articles, for example, passenger car 
tyres, footwear, bridge bearings, and fuel hoses, contain chemical ingredients such 
as curing agents, accelerators, activators, processing aids, antidegradants, and 
fillers. These chemicals are added during various stages of mixing with the specific 
aim of dispersing them uniformly throughout the rubber to achieve the best possible 
effect on the downstream processing of the compound and mechanical properties of 
the cured product. When the solubility of the compounding ingredients in the rubber 
is low, blooming may occur on the surface. Blooming is a process of diffusion of 
chemical additives dissolved in the rubber to the surface, followed by crystallization. 
Crystallization from supersaturated solution takes place more readily on the surface 
than in the rubber itself. This can be due to lack of equilibrium in concentration, 
which leads to transport of the ingredients to the surface [1]. 
The diffusion of chemical ingredients in rubber has been the subject of numerous 
studies. For instance, paraffin waxes have been investigated extensively because 
their diffusion to the surface produces a thin film of the wax, which act as a physical 
barrier to ozone attack and protects the rubber from environmental ageing [2]. 
However, diffusion of chemical curatives such as accelerators and activators can be 
detrimental to the rubber properties. To vulcanise rubber to produce a homogenous 
product, the chemical curatives must disperse well and remain in the rubber. This 
can be achieved when the chemicals have a high solubility as well as a high rate of 
diffusion in the rubber [1].  
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Studies have shown that accelerators, e.g., sulfenamide types, diffuse to the surface 
because they are partly soluble in most rubbers [3]. This diffusion can be detrimental 
to rubber properties such as loss of adhesion [4, 5] and also to health, safety, and 
the environment. 
Rubber articles contain very good elastic properties which make them suitable for 
different applications under various service conditions. Failure of the rubber articles 
during service is very common due to initiation and growth of cracks. Mostly cracks 
initiate from the naturally occurring flaws, where stresses exceed from the critical 
level.  Fatigue is the term used for the failure, resulting in the unserviceability of the 
articles. Fatigue can take place under both static and dynamic conditions. But, it 
occurs primarily due to the repeated stressing during dynamic loading.  The cyclic 
fatigue life of the rubber products may be defined as the number of cycles required 
for the complete failure of the product. Fatigue life mainly depends on the magnitude 
and frequency of the applied strain. Apart from the deformation imposed on the 
product, it also depends on the type of elastomers used, experimental or 
atmospheric conditions, and the compounding ingredients [6, 7].   
The aim of this chapter is to measure effect of the blooming of a sulphenamide 
accelerator to the surface of natural rubber filled with a high loading of a silanised 
silica filler and assess its effect on the hardness, tensile strength, elongation at 
break, stored energy density at break, and cyclic fatigue life of the vulcanisate. 
These measurements were also repeated for the silica-filled NR vulcanisate with no 
blooming of the accelerator to determine how absence of blooming affected the 
aforementioned properties. The rubber vulcanisates were stored for up to 65 days at 
ambient temperature before these measurements were carried out. This time was 
sufficient to allow full blooming to occur on the rubber surfaces.  
4.2  Experimental  
4.2.1 Materials 
The raw elastomer used was standard Malaysian natural rubber grade L (SMR-L) 
containing 98 wt % 1-4 cis content. The reinforcing nano-filler was Coupsil 8113 
(Evonik Industries, AG, Germany). Coupsil 8113 is a precipitated amorphous white 
silica-type Ultrasil VN3 the surfaces of which had been pretreated with a bis(3 
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triethoxysilylpropyl-)-tetrasulphane (TESPT) coupling agent, also known as Si69. It 
has 11.3 % by weight TESPT and 2.5 % by weight sulphur (included in TESPT). The 
surface area of the filler was 175 m2/g (as measured by N2 adsorption) and the 
particle size was 20-54 nm.  
In addition to the raw rubber and filler, the other ingredients were N-tert-butyl-2-
benzothiazole sulfenamide (TBBS; a safe-processing delayed action accelerator with 
a melting point of 109oC) (Santocure TBBS, Flexsys, Dallas, TX, USA), zinc oxide 
(ZnO; an activator, Harcros Durham Chemicals, Durham, UK), and N-(1,3-
dimethylbutyl)-Nי-phenyl-p-phenylenediamine (an antidegradant with a melting point 
of 45oC, Santoflex 13, Brussels, Belgium). The melting temperatures of ZnO and 
silanised silica are above 1000oC. The cure system consisted of TBBS and ZnO, 
which were added to fully crosslink the rubber. 
4.2.2 Mixing 
The compounds were prepared in a Haake Rheocord 90 (Berlin, Germany), a small 
size laboratory mixer with counter rotating Banbury rotors. In these experiments, the 
Banbury rotors and the mixing chamber were initially set at 48oC, and the rotor 
speed was set at 45 rpm. During mixing, the compound reached 85oC due to heat 
generation by frictional forces and viscous nature of the elastomers. 
For the preparation of the rubber compounds, a total mixing time of 16 minutes was 
used [8]. The rubber and filler were placed in the mixing chamber and mixed for 13 
minutes for dispersing silica particles fully in the rubber [9]. After 13 minutes mixing, 
the ram was raised, TBBS, ZnO, and antidegradant were added and mixed for 
another 3 minutes. The compounds were removed from the mixer and put into a 
clean plastic bag. The volume of the mixing chamber was 78 cm3, and it was 58% 
full during mixing. Polylab Monitor 4.17 software was used for controlling the mixing 
condition and storing data. In total, 29 rubber compounds were made. Finally the 
recovered compounds from the mixer were milled to a thickness of 6 mm for further 
work. The compounds were stored at ambient temperature (21 ± 2oC) for at least 24 
hours before their cure properties were measured.  
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4.2.3 Addition of TBBS to the silica-filled rubber   
To activate the rubber-reactive tetrasulphane groups of TESPT, TBBS was added. 
The loading of TBBS in the rubber was increased progressively to 10 phr to measure 
the amount needed to optimise the chemical bonding between the rubber chains and 
TESPT and to increase the crosslink density of the rubber. The idea was to add a 
minimum amount of TBBS to the rubber and produce the largest effect on torque. 
The formation of cross-links strengthened interaction between the rubber and filler, 
which was beneficial to the rubber reinforcement [10, 11]. In total, 11 compounds 
were made (compounds 1–11; Table 4.1). 
Table  4.1: Formulation and ODR results for the silica-filled NR compounds with an 
increasing loading of TBBS. 
 
Compound  
1 2 3 4 5 6 7 8 9 10 11 
NR (phr) 100 100 100 100 100 100 100 100 100 100 100 
Silanised silica 
(phr) 
60 60 60 60 60 60 60 60 60 60 60 
TBBS (phr) 1 2 3 4 5 6 7 7.5 8 9 10 
ODR results 
Minimum torque 
(dN m) 
27 29 28 26 26 26 24 21 21 21 18 
Maximum torque 
(dN m) 
36 47 60 69 72 81 81 77 76 77 79 
∆torque (dN m) 9 18 32 43 46 55 57 56 55 56 61 
4.2.4 Addition of ZnO to the silica-filled rubber with TBBS 
 Addition of ZnO increases the efficiency of TBBS in the silica-filled rubber 
compound [12]. The loading of ZnO in the silica-filled rubber with TBBS was raised 
to 2 phr to determine the amount needed to maximise the efficiency of TBBS and 
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chemical bonding between the filler and rubber. In total, 9 compounds were prepared 
(compounds 12– 20, Table 4.2). 
Table  4.2: Formulation and ODR results for the silica-filled NR compounds, having 6 
phr TBBS, with an increasing loading of ZnO. 
 
Compound  
12 13 14 15 16 17 18 19 20 
NR (phr) 100 100 100 100 100 100 100 100 100 
Silanised silica (phr) 60 60 60 60 60 60 60 60 60 
TBBS (phr) 6 6 6 6 6 6 6 6 6 
ZnO (phr) 0 0.1 0.2 0.3 0.5 0.8 1.0 1.5 2.0 
ODR results 
Minimum torque (dN m) 26 24 23 23 24 22 24 24 24 
Maximum torque (dN m) 81 102 107 114 120 120 125 134 136 
∆torque (dN m) 55 78 84 91 96 98 101 110 112 
 
4.2.5 Cure properties of the rubber compounds 
The scorch time, ts2, which is the time for the onset of cure, and the optimum cure 
time, t95, which is the time for the completion of cure, were determined from the cure 
traces generated at 140 ± 2oC by an oscillating disc rheometer (ODR) (Monsanto, 
Swindon, UK) [13].  The test results were stored using Prescott instruments labline 
software version 2.0.10.12. All the tests were performed at angular displacement of 
3o and 1.7 Hz frequency.  
The cure rate index, which is a measure of the rate of cure in the rubber, was 
calculated using the method described previously [14]. The rheometer tests ran for 
up to 2 h. Figure 4.1 shows typical cure traces produced for the rubbers with TBBS 
and ZnO. As mentioned earlier, ∆Torque is the difference between the maximum and 
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minimum torque values on the cure trace of the rubber and indicates crosslink 
density changes [15] and was calculated from these traces.  
 
Figure  4.1: A typical torque versus time trace by ODR for the silica-filled rubber with 
TBBS and ZnO. 
4.2.6 Viscosity of rubber compounds 
The viscosity of rubber compounds were measured at 100oC in a single-speed 
rotational Mooney viscometer (Wallace Instruments, Surrey, UK) according to British 
Standard [16]. Tests were performed using larger rotor and each test ran for 4 
minutes with 1 minute preheating time. Prescott instruments labline software version 
2.0.10.12 was used for storing the data. The results were expressed in Mooney Units 
(MU). 
4.2.7 Curing of the rubber compounds for further tests 
After the viscosity and cure properties of the rubber compounds were measured, the 
rubber compounds were cured in an electrically heated hydraulic press at 140 ± 2oC 
under a pressure of 11MPa. To prevent the mould from contaminating the rubber 
and the rubber from sticking to the mould cavity, thin polyethylene sheets were used 
in the mould. Upon the completion of the curing, the rubber sheets were removed 
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from the mould, cooled to room temperature and placed in clean plastic bags. The 
sheets were about 2.8 mm thick and 23 cm × 23 cm in dimensions. Samples of 
rubber for further tests were cut from the moulded sheets. 
4.2.8 Optical  microscopy examination of the rubber surfaces 
To observe blooming on the surface of the cured rubber, dumbbell test pieces, 25 
mm long and 3.6 mm wide central neck and about 1.5 mm thick were scanned under 
a Leica DM RX optical microscope in bright and polarized light. The microscope was 
attached to a digital camera for taking photographs of the samples. The photographs 
taken were used for identifying bloom on the rubber surfaces. 
4.2.9 Scanning electron microscopy examination of the rubber surfaces and 
internal structure of the test pieces 
To study blooming of the rubber curatives on the rubber surfaces and inspect the 
internal structure of the test pieces before and after cycling, a Cambridge Instrument 
Stereoscan 360 scanning electron microscope (SEM) was used. The composition of 
solid particles in the rubber was determined by an energy dispersive X-ray 
microanalyser (INCA System, Oxford Instruments, UK). To examine the internal 
structure of the rubber before cycling, small pieces of the vulcanisates were placed 
in liquid nitrogen for 5 min. They were recovered and fractured into two pieces to 
create fresh surfaces, approximately 11 mm2 in area and 3 mm thick, which were 
coated with gold and placed in the SEM. Similarly, after the test pieces were cycled 
to failure, the fracture and external surfaces were examined in the SEM.  
To study effect of the blooming of chemical curatives on the rubber surface, samples 
4 mm × 6 mm were cut from the vulcanised sheets of rubber and examined in the 
SEM. SEM photographs were subsequently used to analyse the results. 
4.2.10 Fourier transform infrared spectrometry (FT-IR) for analysis of bloom 
A Fourier transform infrared spectrometer (FT-IR-8400S) (Shimadzu Scientific 
Instruments, USA) (FTIR) was used to chemically analyse and identify compounding 
chemical components which underwent surface migration. The migrated layer was 
gently removed from the rubber surface with a clean blade, mixed and grinded with 
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potassium bromide (KBr) powder. The mixture was poured into a die and pressed 
manually to form a semi transparent pellet about 1 mm thick and 10 mm in diameter. 
The pellet was then placed in a sample holder and tested. A similar procedure was 
used to analyse TBBS, ZnO, antidegradant and silanised silica nanofiller, which were 
the compounding ingredients.  
Chemical analysis of natural rubber was also carried out by attenuated total 
reflectance (ATR) technique and compared with that of the bloom. The test produced 
spectra which were examined to determine the chemical components which 
underwent surface migration. The chemical composition of the bloom was 
subsequently identified. 
4.2.11 Hardness of vulcanisates 
A Shore A hardness tester H17A/1 (The Wallace Instruments, Surrey, UK) was used 
for measuring the hardness of the rubber vulcanisates. Cylindrical samples 12.5 mm 
thick and 28 mm in diameter were cured. The samples were then placed in the 
hardness tester and the hardness of the rubber vulcanisate was determined at 
ambient temperature (20±2oC) after 15-s interval. This was repeated at three 
different positions on each sample and the median of the three readings was 
subsequently recorded [17]. The hardness was measured after the storage of the 
rubber vulcanisates at ambient temperature (21 ± 2oC) over a period of up to 65 
days. 
4.2.12 Tensile properties and Young’s modulus of rubber vulcanisates 
The Young’s modulus, tensile strength, elongation at break, stored energy density at 
break, and modulus at different strain amplitudes of the rubber vulcanisates were 
determined in uniaxial tension in a  Lloyd testing machine LR50K (Hampshire, UK) 
with dumbbell test-pieces 75 mm long with a central neck 25 mm long and 3.6 mm 
wide. The test-pieces were die-stamped from about 2.8 mm thick sheets of 
vulcanisates. The tests were performed at a crosshead speed of 50 mm/min at 
ambient temperature (20 ± 2oC). For each rubber, three test pieces were fractured, 
and the median of the three values was subsequently noted [18].  
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To calculate the stored energy density at 100% strain amplitude at which the fatigue 
tests were performed, dumbbell test pieces were repeatedly cycled at a crosshead 
speed of 60 mm/min at ambient temperature (20 ± 2oC) until the force-extension 
curve settled to a virtually steady state after seven or so cycles. Values of the stored 
energy density, W, were calculated from the area under the retraction curve 
produced after 10 cycles (Fig. 4.2). Lloyd Nexygen 4.5.1 software was used for 
storing and processing the data. Tensile properties, stored energy density, and 
young’s modulus were measured after the vulcanisates were stored over a period of 
up to 65 days. 
  
 
Figure  4.2: Stress versus strain data for calculating the stored energy density at 
100% strain amplitude. (a) First cycle and (b) 10th cycle.  
4.2.13 Cyclic fatigue life of rubber vulcanisates 
The cyclic fatigue life (the number of cycles to failure), N, of the vulcanisates was 
measured in uniaxial tension in a Hampden dynamic testing machine (Northampton, 
UK), with standard dumbbell test pieces. The test pieces were die-stamped from the 
sheets of cured rubber. The tests were performed at a constant maximum deflection 
of 100% (the central neck was stretched to 50 mm) and a test frequency of 1.4 Hz. 
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The test temperature was 21 ± 2oC, and the strain on each test piece was relaxed to 
zero at the end of each cycle [19]. In total, for each rubber vulcanisate, 64 test 
pieces were cycled to failure after they were kept in storage for different times over a 
period of up to 65 days. The cyclic machine used for the tests is shown in the Fig. 
4.3. 
 
 
Figure  4.3: Hampden cyclic fatigue testing machine. 
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4.3 Results and discussion 
4.3.1 Effect of TBBS and ZnO loading on the ∆torque value of the silanised 
silica-filled rubber compounds 
The cure properties of the silica-filled rubber compounds containing an increasing 
loading of TBBS were measured and the minimum and maximum torque values and 
the corresponding torque values were summarised in Table 4.1.  
Figure 4.4 shows ∆torque as a function of TBBS loading for the silica-filled rubber. 
∆Torque increased from 9 to 55 dN m as the loading of TBBS was raised to 6 phr, 
and it continued rising at a much slower rate to about 61 dN m when the loading of 
TBBS reached 10 phr. Evidently, the addition of 6 phr TBBS to the filled rubber was 
sufficient to react the rubber reactive tetrasulphane groups of TESPT with the rubber 
chains to form crosslinks and optimise the chemical bonding between the two. 
Further increases in the loading of TBBS had very little effect on the torque which 
rose to 61 dN m. 
 
Figure  4.4: ∆torque versus TBBS loading for silanised silica filled natural rubber. 
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To further increase the efficiency of TBBS in the silica-filled rubber, ZnO was added. 
Table 4.2 shows effect of an increasing loading of ZnO on the ∆torque of the filled 
rubber compounds with 6 phr of TBBS.  
The amount of ZnO was increased to 2 phr in the filled rubber with 6 phr of TBBS. 
∆Torque increased sharply to 91 dN m when 0.3 phr ZnO was included, and it 
continued rising at a much slower rate to 112 dN m when the loading of ZnO 
reached 2 phr (Fig. 4.5). The addition of 0.3 phr ZnO was sufficient to maximise the 
efficiency of TBBS and to optimise further the chemical bonding between TESPT 
and the rubber. 
 
 
Figure  4.5: ∆torque versus ZnO loading for filled rubber with 6 phr TBBS. 
 
4.3.2 Cure properties of the silica-filled rubber compound containing TBBS,  
ZnO and antidegradant 
After the optimum amounts of TBBS and ZnO were measured (Figs. 4.4 & 4.5) 
compound 21 (Table 4.3) was made by mixing raw natural rubber with 60 phr silica, 
6 phr TBBS, 0.3 phr ZnO and 1 phr antidegradant (santoflex-13). The cure properties 
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of compound 21 were then measured at 140 ± 2oC and reported in Table 4.3. This 
compound was subsequently used for further work. 
Table  4.3: Formulation and ODR results for the silica-filled NR compound containing 
6 phr TBBS and 0.3 phr ZnO. 
 
Compound 
21 
Formulation (phr)  
NR (SMR-L) 100 
Silanised silica 60 
TBBS 6 
ZnO 0.3 
Santoflex-13 1 
ODR results  
Minimum torque (dN m) 28 
Maximum torque (dN m) 108 
∆torque (dN m) 80 
Scorch time ts2 (min) 9 
Optimum cure time t95 (min) 27 
Cure rate index (min -1) 5.6 
 
4.3.3 Examination of the rubber surfaces for bloom 
After compound 21 was cured to produce thin sheets  2.8 mm thick, it and uncured 
rubber compounds were stored at ambient temperature (21 ± 2oC) for 65 days. As 
mentioned earlier, chemical curatives such as sulphur and accelerators migrate to 
the rubber surface and cause blooming. To determine whether blooming had 
occurred, the uncured rubber compound and cured rubber sheets were examined 
visually. Visual examination showed a white layer formed on the rubber surfaces 
after 65 days in storage.  
When the cured rubber samples were examined in an optical microscope in bright 
and polarised light, there was strong evidence of blooming. In bright light, two distinct 
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regions were seen on the sample: a transparent region and a non-transparent one 
as shown in Fig.4.6. The non-transparent region was on the top surface of the rubber 
sample (Fig 4.6a) where a solid layer of bloom was present, and the transparent 
region was on the side of the sample through the sample thickness where there was 
no blooming at all (Fig. 4.6b). 
 
Figure  4.6: Photograph of compound 21 from optical microscope, showing blooming 
over the un-strained rubber surface in bright field. 
 
When the sample was examined under polarised light, some spherulite structures 
appeared as shown in Fig. 4.7. It seemed that chemicals were emerging from a 
single point, crystallising and spreading over the rubber surface, forming a leaf-
shaped structure. 
a
b
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Figure  4.7: Photograph of compound 21 taken in an optical microscope, showing 
point of emergence of chemicals and its spreading to form a leaf-shaped structure on 
the un-strained rubber surface. Photo taken in polarised field. 
To investigate the blooming further and to identify the migrating rubber chemicals, 
SEM was used. The preliminary results suggested that there were a large number of 
needle-shaped flakes covering the entire surface of the rubber (Fig. 4.8). When the 
layer was examined at high magnifications (Fig. 4.9) long crystalline flakes were 
seen to have formed on the rubber surface. 
In some cases, bloom started from a centre point, producing a solid layer on the 
rubber surface (Fig. 4.10) and sometimes, it formed a leaf-shaped pattern (Fig. 
4.11). 
 
0.3mm 
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Figure  4.8: SEM photograph of compound 21 showing needle-shaped objects on the 
surface of the unstrained rubber. 
 
Figure  4.9: SEM photograph of compound 21 showing long crystalline flakes on the 
surface of the unstrained rubber. 
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Figure  4.10: SEM photograph of compound 21 showing bloom starting from a centre 
point, producing a regular structure on the surface of the unstrained rubber. Storage 
time 60 days at ambient temperature. 
 
Figure  4.11: SEM photograph of compound 21 showing a leaf-shaped pattern on the 
surface of the unstrained rubber. Storage time 60 days at ambient temperature. 
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The white bloom seen on the surface of the rubber (Fig. 4.8) was gently removed by 
a metal blade and analysed in the FT-IR. The FT-IR spectrum of the bloom layer is 
shown in Fig 4.12 which revealed characteristic bands of C=N stretching at 1641.48 
cm-1, , N-H stretching of amide and amines at around 3500 cm -1, aromatic ring at 
1518.03 cm-1 , para-  and ortho- disubsituition to aromatic ring at 854.49 cm-1 and 
756.12 cm-1 respectively [20].  
 
Wavenumber (cm-1) 
Figure  4.12: FTIR spectrum of the bloom present on the surface of the rubber. 
The FT-IR of TBBS (Fig. 4.13), Santoflex-13 (Fig. 4.14), ZnO (Fig. 4.15), and 
silanised silica (Fig. 4.16) (the compounding ingredients) and natural rubber (Fig. 
4.17) were also obtained and then compared with that of the bloom (Fig. 4.12). The 
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results revealed the presence of the TBBS in the bloom because of the matching of 
the C=N, N-H, C=C of aromatic, and ortho disubstitution to aromatic ring stretching 
peaks. Antidegradant was also present in the bloom because of the matching of N-H, 
C=C aromatic, para disubstitution to the aromatic ring, and absence of C=N 
stretching peaks in the bloom. Notably, there were no bands for ZnO (cf. Fig. 4.15 
and Fig. 4.12) and silanised silica filler (cf. Fig. 4.16 and Fog. 4.12) in the spectrum 
of the bloom. The presence of antidegradant in the bloom was expected because it 
migrated to the surface to protect the rubber against environmental ageing (cf. Fig. 
4.14 and Fig. 4.12) [21]. Small traces of NR in the bloom were from the rubber 
surface during the sampling of the solid layer before the FTIR spectrum was taken 
(cf. Fig. 4.17 and Fig. 4.12). TBBS and antidegradant were identified to be the main 
compounding ingredients that had undergone surface migration. As mentioned 
earlier, the melting temperature of TBBS and antidegradant are below the curing 
temperature of the rubber, and both melted while the rubber was being cured at 
elevated temperature. When the cured rubber was removed from the mould and 
cooled slowly to ambient temperature, TBBS and antidegradant diffused to the 
rubber surface, forming the bloom. Clearly, there was excessive amount of TBBS in 
the rubber, which did not react fully during the curing process. For TBBS, a diffusion 
coefficient of 0.8 × 10-7 cm2/s at 100oC in a carbon black filled NR has been reported 
[3].
 
Wavenumber (cm-1) 
Figure  4.13: FTIR fingerprints of TBBS accelerator 
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Wavenumber (cm-1) 
Figure  4.14: FTIR fingerprints of santoflex-13 antidegradant. 
 
 
Wavenumber (cm-1) 
Figure  4.15: FTIR fingerprints of ZnO activator. 
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Wavenumber (cm-1) 
Figure  4.16: FTIR fingerprints of silanised silica nanofiller. 
 
Wavenumber (cm-1) 
Figure  4.17: FTIR fingerprints of natural rubber. 
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To assess effect of the blooming on the internal structure of the cured rubber, the 
rubber was freeze-fractured and then examined in the SEM. There were two distinct 
regions on the fracture surface. In a discrete region beneath the rubber surface 
approximately 15 µm in size, where there were migrated TBBS particles 0.5–5 µm in 
size (Fig. 4.18(a)) (some of these particles were sticking out of the rubber, creating 
an uneven surface), and region where the surface was smooth entirely (Fig. 4.18(b)). 
The former was due to the crystallization of TBBS from supersaturated solution, 
which took place more readily on the surface than in the rubber itself [1]. 
 
 
Figure  4.18: SEM Photograph of compound 28 from freeze-fracture, showing two 
regions of the fractured surface. 
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4.3.4 Elimination of the blooming of TBBS from the rubber surface 
As it was established, TBBS was the main migrating ingredient to the rubber surface 
and this was due to the fact that there was too much of this chemical curative in the 
rubber. To eliminate the blooming of TBBS, it was essential to reduce the loading of 
TBBS in the rubber. To achieve this, a rubber compound containing 60 phr silanised 
silica and 3 phr TBBS was made and then the loading of zinc oxide was increased 
progressively to 3.5 phr to measure the amount needed to optimise the chemical 
bonding or crosslinking between the rubber and filler (Compounds 22-28; Table 4.4). 
The cure properties of these compounds were subsequently measured in the ODR 
at 140oC and summarised in Table 4.4. 
Table  4.4: Formulation and ODR results for the silica-filled NR compounds, having 3 
phr TBBS, with an increasing loading of ZnO. 
 
Compound  
22 23 24 25 26 27 28 
NR (phr) 100 100 100 100 100 100 100 
Silanised Silica (phr) 60 60 60 60 60 60 60 
TBBS (phr) 3 3 3 3 3 3 3 
ZnO (phr) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
ODR results 
Minimum torque (dN m) 26 28 30 26 30 29 30 
Maximum torque (dN m) 71 81 86 86 91 91 93 
∆torque (dN m) 46 53 56 60 61 62 63 
 
Figure 4.19 shows ∆Torque as a function of ZnO loading. Torque increased from 
46 to 61 dN m when the loading of ZnO was raised to 2.5 phr. Thereafter, ∆torque 
rose only slightly to 64 dN m until the loading of ZnO reached 3.5 phr. Evidently, a  
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2.5 phr ZnO was sufficient to increase the efficiency of TBBS and maximize the 
∆torque value. 
When these measurements were completed, compound 29 (Table 4.5) was made by 
mixing the raw rubber with 60 phr silica, 3 phr TBBS, 2.5 phr ZnO and 1 phr 
antidegradant (santoflex-13). The cure properties of compound 28 were measured at 
140 ± 2oC and reported in Table 4.5. 
 
Figure  4.19: ∆torque versus ZnO loading for filled rubber with 3 phr TBBS. 
After the optimum cure time was measured, compound 29 was cured in a 
compression mould to form thin sheets  2.8 mm, which are then stored at ambient 
temperature (21 ± 2oC) for up to 65 days. The sheets were regularly inspected for 
bloom. When examined visually, there was no sign of bloom on the surface of the 
rubber. However, when the rubber samples were examined in the SEM, some bloom 
was found on the rubber surface as shown in Fig. 4.20. In some samples, the bloom 
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was more severe and it looked as if the whole surface of the rubber was covered 
with it (Fig. 4.21). 
Table  4.5: Formulation and ODR results for the silica-filled NR compound with 3phr 
TBBS and 2.5phr ZnO.  
 
 
 
 
 
 
 
 
 
 
 
 
 
When the rubber surfaces were analysed by X-ray, there were 17 wt % Zn and 7 wt 
% O, as well as 48 wt % C, 3.4 wt % Si, and 1.6 wt % S. X-ray analysis showed that 
some ZnO migrated to the surface of the rubber. In storage, ZnO continued blooming 
on the rubber surface, covering almost 80% of the surface area (cf. Figs. 4.21 and 
4.20). To assess effect of this migration on the internal structure of the rubber, a 
sample of the cured rubber was freeze-fractured and examined in the SEM. There 
was no damage to the interior of the rubber. In fact, the silica particles dispersed well 
in the rubber matrix (Fig. 4.22), which helped to maximize the reinforcing effect of the 
filler on the mechanical properties of the vulcanisate [22]. 
 
Compound            
29 
Formulation (phr)  
NR (SMR-L)*   100         
Silanised silica 60 
TBBS 3 
ZnO 2.5 
Santoflex-13 1 
ODR results  
Minimum torque (dN m) 29 
Maximum torque (dN m) 97 
∆torque (dN m) 68 
Scorch time ts2 (min) 10 
Optimum cure time t95 (min) 53 
Cure rate index (min -1) 2.3 
85 
 
 
Figure  4.20: SEM photograph of compound 29 showing some bloom covering  20% 
of the surface. Storage time: 1 day. 
 
Figure  4.21: SEM photograph of compound 29 showing more bloom covering  80% 
of the rubber surface. Storage time: 60 days. 
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Figure  4.22: SEM photograph of compound 29 from freeze-fracture test showing 
internal structure of the rubber. 
4.3.5 Effect of silanised silica nanofiller, TBBS, and ZnO on the viscosity of the 
rubber 
The viscosity of the rubber compound decreased slightly from 99 (raw rubber) to 95 
MU when 60 phr silanised silica, 6 phr TBBS, 0.3 phr ZnO, and 1 phr antidegradant 
were added (compound 21; Table 4.6). Normally, viscosity increases when solid 
additives such as fillers, accelerators, and activators are mixed with rubber [23]. 
Rubber chains break down during mixing when the rubber is mixed for too long. This 
causes a reduction in the molecular weight and viscosity of the rubber [24, 25]. The 
reduction is due to chain scission [26, 27] or the mechanical rupture of the primary 
carbon–carbon bonds that are present along the backbone of the rubber chains. This 
is often compensated by the reinforcing effect of the filler. Clearly, in this case, the 
reinforcing effect of silica did not compensate for the mechanical damage that long 
mixing time, i.e., 16 min, had inflicted on the rubber chains, and, hence, the viscosity 
decreased.  
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When 60 phr silanised silica, 3 phr TBBS, 2.5 phr ZnO, and 1 phr antidegradant 
were incorporated in the rubber, the viscosity increased by approximately 10% (cf. 
Compounds 21 and 29; Table 4.6). Metal oxides such as ZnO are reinforcing fillers 
and impart good properties to rubber compounds [28]. The extra 2.2 phr ZnO in 
compound 28 produced a stiffer compound with a higher viscosity. 
 
Table  4.6: Mooney viscosities of the rubber vulcanisates. 
 
Compound 
 
Raw NR 21 29 
Mooney Viscosity 
(MU) 
96 95 104 
 
4.3.6 Effect of the blooming of TBBS on the mechanical properties of the rubber 
vulcanisates 
Mechanical properties such as Young’s modulus, tensile strength, elongation at 
break, and stored energy density of compounds 21 and 29 were measured at 
ambient temperature 20 oC. The results were expressed in Table 4.7. 
The results showed that blooming had no adverse effect on the mechanical 
properties of the both rubber vulcanisate (cf. Compounds 21 and 29; Table 4.7). 
Compound 21 had a higher Young’s modulus. However, the elongation at break and 
stored energy density at break were inferior, and the tensile strength was almost the 
same for the two compounds. Rubber properties such as fatigue life, stored energy 
density at break, and tensile strength increase, reaching a maximum, and then 
deteriorate substantially, whereas, modulus continue to increase as a function of 
crosslink density [29-31]. Elongation at break decreases when the crosslink density 
increases [30]. The ∆torque of compound 21 (Table 4.3) was 15% higher than that of 
compound 29 (Table 4.5), which indicated a higher crosslink density. Our results are 
in line with the previous findings. 
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Table  4.7: Mechanical properties of the rubber vulcanisates. 
 Compound 
 21 29 
Young’s modulus (MPa) 13 6 
Tensile strength (MPa) 34.5 35.3 
Elongation at break (%) 754 822 
Stored energy density at break 
(MJ/m3) 
114 120 
Stored energy density at 100% strain 
amplitude (MJ/m3) 
0.76 0.66 
 
4.3.7 Effect of the blooming of TBBS on the hardness of the rubber vulcanisates 
The hardness of both compounds 21 and 29 was measured after storage at ambient 
temperature for 65 days and the results are shown in Table 4.8.  
Table  4.8: Hardness of the rubber vulcanisates. 
 Compound 
 21 29 
Hardness (Shore A) 76.5 71 
The hardness of rubber vulcanisates increases with an increase in crosslink density 
[29-31]. The higher hardness value of compound 21 was due to a higher crosslink 
density. The ∆torque of compound 21 was 15% higher than that of compound 29, 
which indicated a higher crosslink density (Tables 4.3 and 4.5). The hardness of both 
compounds was also measured after they were kept in storage at different times for 
up to 60 days. The results are shown in Fig. 4.23. 
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Interestingly, the hardness of compound 21 increased by approximately 2.5% after 8 
days, and, thereafter, it continued rising by an extra 2.7% after 60 days in storage. 
This indicated that TBBS bloomed continuously in storage albeit at different rates. A 
similar trend was also observed for compound 29. However, for this compound, the 
hardness increased by 2.3% after 8 days and remained unchanged subsequently 
when the storage time was increased to 60 days. This suggested that ZnO stopped 
blooming after 8 days in storage. Note that in the durometer a specified indenter is 
forced into the test material under specified conditions and the depth of penetration 
measured. The indentation hardness is inversely related to the penetration and is 
dependent on the modulus of elasticity and the viscoelastic properties of the material 
[17]. 
 
Figure  4.23: Hardness versus storage time for compounds 21 and 29. (......), 
compound 21 and (—), compound 29. 
4.3.8 Effect of blooming on the cyclic fatigue life of the rubber vulcanisates 
As mentioned earlier, 64 dumbbell test pieces were used for each rubber vulcanisate 
to measure the cyclic fatigue life. The test pieces were divided into eight individual 
sets, which were then stored at ambient temperature for 1, 5, 8, 15, 25, 35, 60, and 
65 days, respectively, before they were tested. The results of cyclic fatigue life, N, 
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versus set number, are presented in Figures 4.24 and 4.25. The blooming of TBBS 
had a detrimental effect on N. Figure 4.24 shows the results for compound 21 where 
the minimum fatigue life was 34 kc and the maximum 110 kc.  
In the absence of blooming (compound 29), the cyclic fatigue life increased by more 
than 100%. Figure 4.25 shows the results for compound 29 where the fatigue life 
increased from 99 to 261 kc.  
 
 
Figure  4.24: Cyclic fatigue life versus set number for compound 21. 
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Figure  4.25: Cyclic fatigue life versus set number for compound 29. 
For both compounds, the data showed a larger scatter after 35 days in storage but 
there was no trend. It is possible that the rubber was environmentally aged [32], and 
its fatigue properties deteriorated as a result. For compound 21, the maximum stored 
energy density, W, at 100% strain amplitude was 0.76 mJ/m3 which was 13% higher 
than that measured for compound 29 which was at 0.66 mJ/m3. For carbon black 
filled sulphur-cured NR vulcanisates, N reduced as W was raised [33]. The 
dependence of N on W was similar for all the rubbers because the basic fatigue 
mechanism was the same [33]. It may be that the higher W contributed to the shorter 
fatigue life of compound 21. However, a 10-fold decrease in N required at least a 
200% increase in W [33]. On this basis, the extra 13% W of compound 21 would 
have made very little or no difference to the cyclic fatigue life of this compound. 
Figure 4.26 summarises the results for the two compounds at different storage times. 
Clearly, the cyclic fatigue life benefited significantly from the absence of blooming. 
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The decrease in the fatigue life of compound 21 with time was due to the 
accumulative damage of the blooming.  
 
Figure  4.26: Cyclic fatigue life versus storage time. (●), minimum life and (  ), 
maximum life for compound 21. (■), minimum life and (  ), maximum life for 
compound 29. The bars show the standard deviation of the data. 
After the fatigue tests were completed, the fracture surfaces were examined in the 
SEM. When the bloom was removed from the rubber surface by sellotape, large 
solid particles were seen in the rubber (Fig. 4.27).  
These particles were in the region of high solid concentration near the rubber surface 
(Fig. 4.18) and separated from the rubber when the test pieces were stressed and 
relaxed repeatedly in the fatigue tests. As a result, holes up to 40 µm in size were 
created (Figs. 4.28 and 4.29). 
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Figure  4.27: SEM photograph from the unstrained rubber surface after the bloom 
was removed by sellotape showing large solid particles in the rubber. 
 
Figure  4.28: SEM photograph showing holes in the rubber after the fracture surface 
was recovered from the fatigue test. Data for compound 21 after 60 days in storage 
at ambient temperature. 
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Figure  4.29: SEM photograph showing solid particles on the fracture surface after 
fatigue test. Data for compound 21 after 60 days in storage at ambient temperature. 
These holes provided a rapid path for cracks to grow along. Figure 4.30 shows the 
crack path during the cyclic fatigue tests on a dumbbell sample from compound 21 
where a crack is propagating around a bloomed TBBS solid particle. 
 
Figure  4.30: SEM photograph of compound 21 showing a crack propagating around 
a migrated TBBS particle in a dumbbell test piece during cyclic fatigue test. 
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Note also that, in the cyclic fatigue tests, cracks started frequently at the edges of the 
test piece where there was a high concentration of migrated TBBS (Fig 4.18). 
Sometime cracks started somewhere on the rubber surface and propagated until 
total failure occurred. Figures 4.31 and 4.32 show the edge and surface cracks, 
respectively, during the cyclic loading of the samples. 
 
 
Figure  4.31: Edge cracks on a dumbbell test piece during a fatigue test. 
 
 
Figure  4.32: Surface crack on a dumbbell test piece during a fatigue test. 
Edge 
cracks 
Surface 
crack 
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Therefore, it was concluded that the main reason for the inferior fatigue life of 
compound 21 was the presence of the thin layer of the migrated TBBS beneath the 
rubber surface, where cracks initiated during the fatigue test. When the fracture 
surfaces of compound 29 were examined under SEM no migration of the TBBS was 
observed. In contrast, the fracture surfaces of the compound 29 consisted of small 
scale localised tearing (cf. Figs 4.33 and 4.28), which characterised the slow 
incremental crack growth under cyclic loading. Moreover, no holes were found and 
the surface of the rubber was also clean after cycling. No migrated TBBS was found 
around the crack after repeated cycling (cf. Figs 4.34 and 4.30).  The results 
mentioned here clearly reflect that in the absence of the TBBS blooming, the cyclic 
fatigue life of the rubber vulcanisate was noticeably longer. 
 
   
Figure  4.33: SEM photograph of compound 29 showing fracture surface after fatigue 
test.  
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Figure  4.34: SEM photograph of compound 29 showing clean surface around the 
crack path after fatigue test. 
4.4 Conclusions  
1. The blooming of TBBS accelerator had no adverse effect on the hardness, 
Young’s modulus, tensile strength, elongation at break, and stored energy 
density at break of the rubber vulcanisate. In fact, the hardness increased as 
a function of storage time because of the accumulation of migrated TBBS on 
the rubber surface.  
2. The cyclic fatigue life of the rubber vulcanisate decreased by more than 100% 
when TBBS bloomed on the rubber surface. 
3. The migration of TBBS accelerator produced a thin layer approximately 15 µm 
in size into the rubber surface. When the rubber was stressed and relaxed 
repeatedly in the cyclic fatigue tests, cracks initiated in this layer and then 
propagated, causing the fatigue life of the vulcanisate to decrease. The bloom 
was eliminated by reducing the ratio of TBBS to ZnO from 6/0.3 to 3/2.5 in the 
formulation. 
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Chapter	5	
5 Measuring effect of the blooming of chemical curatives 
on the rate of cyclic fatigue crack growth in natural 
rubber filled with a silanised silica nanofiller 
 
5.1  Introduction 
Elastomers are one of most versatile group of polymers, consisting of long flexible 
molecules. At ambient temperature, due to thermal agitation, these molecules are 
present in continuous motion resulting in random molecular structure. This imparts 
long range elastic properties to rubbers over a wide range of applied stresses. The 
remarkable elastic properties make rubbers suitable for manufacturing articles such 
as engine mountings, isolation bearings, tyres, and belts. These articles undergo 
dynamic loading during service. In most applications of rubber, the functioning, 
durability and service life of the component depends on the properties of the rubber 
and when fatigue or other types of failure occur the device ceases to function 
properly or fails altogether. “Fatigue is used in the sense of a progressive “action” or 
failure, resulting in unserviceability of the rubber article, during use” [1]. There are 
various factors involved in fatigue of rubber, e.g. inhomogeneities, voids and re-
agglomeration of materials normally dispersed in rubber during mixing. 
Inhomogeneities are particles of pigment, foreign material and areas of unequal 
cure, and serve as loci of fatigue failure by the mechanism of forming highly localised 
stress concentration [2, 3]. 
Initiation and growth of cracks is an obvious process in rubber articles containing 
aforementioned flaws, when undergoing dynamic loading in service. If subsequent 
crack growth leads to catastrophic failure, then it can be dangerous to the life of the 
user and also it will affect the performance and integrity of machine in which article is 
used. Griffith [4] first used the fracture mechanics approach to address the fatigue 
behaviour in solids. This approach was extended to rubbers by Rivilin and Thomas 
[5] based on the strain energy release rate for the growth of cracks.     
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As mentioned already in chapter 4, the chemical curatives, which are added during 
various stages of mixing with the specific aim of dispersing them uniformly 
throughout the rubber, often are partially soluble in rubber and therefore they have a 
tendency to diffuse through the rubber and bloom on the rubber surface [6]. 
To vulcanise rubber and to produce a homogenous product, the chemical curatives 
must disperse well and remain in the rubber. This can be achieved when the 
chemicals have a high solubility as well as a high rate of diffusion in the rubber [6]. 
Studies have shown that accelerators, e.g. sulfenamide types, diffuse to the surface 
because they are partly soluble in most rubbers [7]. This diffusion can be detrimental 
to rubber properties such as loss of adhesion [8, 9] and also to the durability and 
performance of rubber in service as well as to health, safety and the environment. 
In this work two rubber compounds with different amounts of chemical curatives 
were prepared; one showed extensive blooming of sulphenamide accelerator. The 
effect of the blooming on the rate of fatigue crack growth of natural rubber filled with 
high loading of silanised silica nanofiller was also determined. All the properties were 
measured after 65 days storage of rubber to allow blooming to appear on the 
surface. 
5.2 Experimental    
5.2.1 Materials 
The raw elastomer used was standard Malaysian natural rubber grade L (SMR-L) 
containing 98 wt % 1-4 cis content. The reinforcing nano-filler was Coupsil 8113 
(Evonik Industries, AG, Germany). Coupsil 8113 is a precipitated amorphous white 
silica-type Ultrasil VN3. The surfaces of coupsil 8113 had been pretreated with a 
bis(3 triethoxysilylpropyl-)-tetrasulphane (TESPT) coupling agent, also known as 
Si69. It has 11.3 % by weight TESPT and 2.5 % by weight sulphur (included in 
TESPT). The surface area of the filler was 175 m2/g (as measured by N2 adsorption) 
and the particle size of the filler was 20-54 nm.  
In addition to the raw rubber and filler, the other ingredients were N-tert-butyl-2-
benzothiazole sulfenamide (TBBS; a safe-processing delayed action accelerator with 
a melting point of 109oC) (Santocure TBBS, Flexsys, Dallas, TX), zinc oxide (ZnO; 
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an activator, Harcros Durham Chemicals, Durham, UK), and N-(1,3-dimethylbutyl)-
Nי-phenyl-p-phenylenediamine (an antidegradant with a melting point of 45oC, 
Santoflex 13, Brussels, Belgium). The melting temperatures of ZnO and silanised 
silica are above 1000oC. The cure system consisted of TBBS and ZnO, which were 
added to fully crosslink the rubber. 
The tetrasulphane groups in TESPT were used to cure the rubber. TBBS accelerator 
was used to control the onset and rate of curing by reacting the rubber reactive 
tetrasulphane groups of TESPT with the rubber chains. Zinc oxide (activator) was 
added to improve the efficiency of TBBS and increases crosslink density in the 
rubber during curing. The antidegradant was added to protect the rubber against 
environmental ageing by ozone and oxygen. 
5.2.2 Mixing 
The compounds were prepared in a Haake Rheocord 90 (Berlin, Germany), a small 
size laboratory mixer with counter rotating Banbury rotors. In these experiments, the 
Banbury rotors and the mixing chamber were initially set at 48oC, and the rotor 
speed was set at 45 rpm. Polylab Monitor 4.17 software was used for controlling the 
mixing condition and storing data. 
For the preparation of the rubber compounds, a total mixing time of 16 minutes was 
used. The rubber and filler were placed in the mixing chamber and mixed for 13 
minutes to fully disperse the silica particles in the rubber. After 13 minutes mixing, 
the ram was raised, TBBS, ZnO, and antidegradant were added and mixed for 
another 3 minutes. The rubber compounds were removed from the mixer and put 
into clean bags. The volume of the mixing chamber was 78 cm3, and it was 58% full 
during mixing. In total, two rubber compounds were made (Table 5.1).  
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Table  5.1: Formulations of two natural rubber compounds filled with silanised silica. 
 Compound 
Formulation (phr) 1 2 
NR (SMR-L) 100 100 
Silanised silica 60 60 
TBBS 6 3 
ZnO 0.3 2.5 
Santoflex -13 1 1 
 
Note that compound 1 was used previously to measure effect of blooming on the 
cyclic fatigue life of the rubber (see sub-section 4.3.2. in Chapter 4). Finally the 
recovered compounds from the mixer were milled to a thickness of 6 mm for further 
work. The compounds were stored at ambient temperature (21 ± 2oC) for at least 24 
hours before their cure properties and viscosity measured.  
5.2.3 Cure properties of the rubber compounds 
The scorch time, ts2, which is the time for the onset of cure, and the optimum cure 
time, t95, which is the time for the completion of cure, were determined from the cure 
traces generated at 140oC ± 2oC by an oscillating disc rheometer (ODR) (Monsanto, 
Swindon, UK) [10].  The data was stored by using Prescott instruments labline 
software version 2.0.10.12. Tests were performed at angular displacement of 3o and 
1.7 Hz frequency.  
The cure rate index, which is a measure of the rate of cure in the rubber, was 
calculated using the method described previously [11]. The rheometer tests ran for 
up to 2 h. Figure 5.1 shows typical cure traces produced for the rubbers with TBBS 
and ZnO. ∆Torque is the difference between the maximum and minimum torque 
values on the cure trace of the rubber and, as mentioned earlier, indicates cross-link 
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density changes [12] and was calculated from these traces. Table 5.2 shows the 
cure properties of both compounds.  
 
Figure  5.1: Typical torque versus time trace by ODR for the filled rubbers. 
 
5.2.4 Viscosity of rubber compounds 
The viscosity of the rubber compounds was measured at 100oC in a single speed 
rotational Mooney viscometer (Wallace Instruments, Surrey, UK) according to a 
British Standard [13]. Experiments were performed using larger rotor and for 4 
minutes test time with 1 minute preheating time. Prescott instruments labline 
software version 2.0.10.12 was used for storing the data. The results were 
expressed in Mooney Units (MU) (Table 5.2). 
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Table  5.2: Viscosity and cure properties of two natural rubber compounds. 
 Compound 
 1 2 
Mooney viscosity (MU) 95 104 
∆torque (dN m) 80 68 
Scorch time (min) 9 10 
Optimum cure time (min) 27 53 
Cure rate index (min-1) 5.6 2.3 
After the rubber compounds were stored at ambient temperature for at least 24 
hours, they were then cured in an electrically heated hydraulic press at a pressure of 
11 MPa. The compounds were cured in the ODR at 140 ± 2oC to measure the scorch 
and optimum cure times. Thin polyethylene films were used in the compression 
mould to prevent the rubber from sticking to the mould and contamination damaging 
the rubber. Upon the completion of the curing, rubber compounds were removed 
from the mould, cooled down to room temperature and placed in clean plastic bags. 
The sheets about 2.8 mm thick and 23 cm × 23 cm in dimensions were cured from 
which various samples for further tests were cut. The sheets were then stored at 
room temperature (21 ± 2oC) to allow full blooming to appear on the rubber surfaces. 
5.2.5 Examination of the unstrained rubber surfaces and fracture surfaces after 
the cyclic fatigue tests 
In order to study effect of blooming of the rubber curatives on the rubber surfaces 
and inspect the internal structure of the test pieces before and after cycling, a Carl 
Zeis Leo 1530VP field emission gun scanning electron microscope (FEGSEM) (Carl 
Zeiss NTS GmbH, Oberkochen, Germany) was used. The composition of solid 
particles in the rubber was determined by an energy dispersive X-ray (EDX) 
microanalyser (Phoenix System, EDAX, USA). After the test pieces were cycled and 
increases in crack length as a function of the number of cycles were measured, the 
fracture surfaces were examined in the SEM. To study effect of the blooming of 
chemical curatives on the rubber surfaces, samples 4 mm by 6 mm were cut from 
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the unstrained vulcanised sheets of rubber and examined in the SEM. SEM 
photographs were subsequently used to analyse the results. 
5.2.6 Fourier transform infrared spectrometry (FTIR) for analysis of bloom 
A Fourier transform infrared spectrometer (FTIR-8400S) (Shimadzu Scientific 
Instruments, USA) (FTIR) was used to provide molecular fingerprint information in 
order to positively identify the compounding chemical components which underwent 
surface migration. The migrated layer was gently removed from the rubber surface 
with a clean blade, mixed and grinded with potassium bromide (KBr) powder. The 
mixture was poured into a die and pressed manually to form a semi transparent 
pellet about 1 mm thick and 10 mm in diameter. The pellet was then placed in a 
sample holder and tested. A similar procedure was used to analyse TBBS, ZnO, 
antidegradant and silanised silica nanofiller, which were the compounding 
ingredients.  
Finger print information of natural rubber were also determined by total attenuated 
reflectance (ATR) technique and compared with that of the bloom. The test produced 
spectra which were examined to determine the chemical components which 
underwent surface migration. The chemical composition of the bloom was 
subsequently identified. 
5.2.7 Measurement of the cut growth per cycle of the rubber vulcanisates 
Crack growth measurements were carried out on thin tensile test pieces of the 
vulcanised rubber the length of which was approximately six times the width (152 
mm by 25 mm). A small crack about 1 mm in length was inserted in one edge of 
each test piece as perpendicular as possible to both the major and minor surfaces 
using a sharp razor blade (Fig. 5.2).  
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Figure  5.2: Tensile crack growth test pieces with an edge crack. 
The test piece was then deformed in simple extension by repeated cycling to a 
constant maximum strain amplitude at a test frequency of 1.4 Hz and being relaxed 
to zero strain on each cycle. The crack growth machine which was used to perform 
these tests is shown in Fig. 5.3.  
After a conditioning period of a few hundred cycles during which the tip, initially a 
smooth razor cut, became rough, the crack length c was measured. Crack length ‘c’ 
was monitored in situ using a travelling microscope as a function of the number of 
cycles ‘n’. The test piece was slightly strained before crack length was measured to 
observe the crack tip and determine the crack length as accurately as possible. From 
these measurements, c was plotted against n and then the cut growth per cycle 
dc/dn was read off from the slope of the plot (Fig. 5.4).  
F
F
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Figure  5.3: Crack growth machine with travelling microscope. 
 
Figure  5.4: Crack length versus number of cycles from which dc/dn was calculated. 
Data for compound 1 at 40% strain amplitude. 
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This was repeated at different n values on the plot. The dc/dn numbers were 
subsequently plotted against tearing energy T [14]. For an edge crack tensile test 
piece (Fig. 5.2), the energy release rate in simple extension is given by [15] 
kWcT 2                               (1) 
where W is the strain energy per unit volume in the bulk of the material and k being 
given by 

k
                                      (2)
 
where λ is the extension ratio [16]. T is proportional to c, so a single test piece 
covers a range of T values. The strain energy density was calculated as a function of 
the applied strain by numerical integration of the stress-strain curve and was used to 
calculate T from the measured values of cut length and strain and the known value 
of k [16]. Crack growth rate is referred to the tearing energy at the maximum strain of 
the cycle. Note, in determining W allowance was made for the effect of stress 
relaxation and set occurring in the rubber during the course of cut growth. The strain 
amplitude on the test pieces during the crack growth measurements reached 40%.  
5.2.8 Determination of the strain energy density in the rubber at different strain 
amplitudes 
To calculate the strain energy density at different strain amplitudes at which the 
crack growth measurements were performed, tensile test pieces 152 mm by 25 mm 
were stamped out of the cured sheets of rubber approximately 2.8 mm thick, which 
were kept in storage at ambient temperature for 65 days before use. The test pieces 
were repeatedly cycled at a crosshead speed of 60 mm/min at 20oC until the force-
extension curve settled to a virtually steady state after 7-10 cycles. Values of the 
strain energy density, W, were calculated from the area under the retraction curve 
produced after 1st and 10th cycles as shown in Fig. 5.5 and Fig. 5.6, respectively. 
Lloyd Nexygen 4.5.1 software was used for storing and processing the load versus 
deflection data which were subsequently changed into stress-strain data for 
calculating W. 
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Figure  5.5: Stress versus strain data showing the area under the retraction curve 
where W was calculated from. Data for compound 2 after 1 cycle. 
 
Figure  5.6: Stress versus strain data showing the area under the retraction curve 
where W was calculated from. Data for compound 2 after 10 cycles. 
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5.3 Results and discussion 
5.3.1 Examination of the surfaces of compounds 1 and 2 
 Compound 1 was cured in the form of thin sheet and stored at ambient temperature 
(21 ± 2oC) for 65 days. The rubber surfaces were inspected regularly and after some 
days bloom appeared, which was examined in the SEM. There were needle-shaped 
objects covering the rubber surface entirely (Fig. 5.7). In some cases, bloom started 
from what appeared to be a centre on the rubber surface and radiated in all 
directions, producing a solid layer (Fig. 5.8) and sometimes, it formed a wall-shaped 
pattern (Fig. 5.9). FT-IR, X-ray analysis and ATR were carried out to identify the 
migrating compounding ingredients and the results indicated TBBS and 
antidegradant on the rubber surface (see sub-section 4.3.3 Chapter 4).    
 
Figure  5.7: SEM photograph showing needle-shaped objects on the surface of 
unstrained rubber. Storage time 65 days at ambient temperature. Data for  
compound 1. 
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Figure  5.8: SEM photograph showing bloom starting from what appears to be a 
centre on the surface of the unstrained rubber vulcanisate, radiating in all directions 
and producing a solid layer. 
 
Figure  5.9: SEM photograph showing wall-shaped structure on the surface of 
unstrained rubber. Storage time 65 days at ambient temperature. Data for compound 
1 
Compound 2 was also cured in the form of thin sheets which were stored at ambient 
temperature (21 ± 2oC). The surfaces were inspected regularly, no bloom was 
observed by the naked eye and the surfaces were clean and shiny. Figure 5.10 
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shows photographs of compounds 1 and 2 in the shape of standard dumbbells test 
pieces. Compound 1 (Fig. 5.10a) showed a white layer of bloom on its surface 
whereas compound 2 (Fig. 5.10b) showed no sign of bloom. 
 
Figure  5.10: Photograph of compounds 1and 2. (a) compound 1, (b) compound 2 
But when compound 2 was examined in the SEM, some small white coloured 
particles were found on the surface. It looked as these particles were embedded on 
the rubber surface (Figure 5.11). However, when these particles were analysed by 
X-ray, there was evidence of ZnO on the rubber surface.  
 
Figure  5.11: SEM photograph from the unstrained surface of compound 2 showing 
ZnO bloom. 
a b 
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Attenuated total reflectance (ATR) was used to chemically analyse the surface of  
compound 2 and there was no evidence of TBBS on the rubber surface, because 
fingerprints of compound 2 (Fig. 5.12) did not show C=N stretching at 1641.48 cm-1.  
It must be mentioned that TBBS was present on the surface of compound 1. 
However, fingerprints of compound 2 indicated the presence of antidegradant 
(Santoflex 13) on the surface which migrated to the surface to protect the rubber 
from environmental ageing. Note that the ATR technique is not very effective to 
determine the presence of ZnO on the rubber surfaces below 600 cm-1 wavenumber 
which was available during these measurements [17].  
 
 
Wavenumber (cm-1) 
Figure  5.12: ATR fingerprints of compound 2. 
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5.3.2 Crack growth rate as a function of the strain energy release rate for the 
rubber vulcanisates 
The crack growth rate, dc/dn, was measured at a constant strain amplitude ranging 
from 15 - 40%, using tensile strip test pieces (Fig. 5.2). Figure 5.13 shows crack 
length as a function of the number of cycles at 15%, 20%, 30%, and 40% maximum 
strain amplitudes. As it can be seen that at high strain amplitudes, a small number of 
cycles produced the same crack length. Alternately, a constant crack length, e.g. 3 
mm, was produced at a smaller number of cycles as the strain amplitude was 
increased from 15% to 40%. To calculate the crack growth rate, dc/dn, slopes of the 
tangent to the crack length versus number of cycle traces were measured at different 
crack lengths (Fig 5.4). These values were subsequently plotted against the tearing 
energy, T, to produce a dc/dn vs T trace for the vulcanisates.  
 
Figure  5.13: Crack length versus number of cycles at different strain amplitudes. 
Data for compound 1. 
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Figures 5.14 and 5.15 show dc/dn versus T on linear scales for compounds 1 and 2, 
respectively. There were two features evident on each figure. Firstly, for compound 
1, dc/dn varied substantially linearly with T below 4 kJ/m2 (Fig. 5.14) and for 
compound 2 below 3.5 kJ/m2 (Fig. 5.15). Secondly, this linear relationship 
intersected the T axis at a finite value of about 0.44 kJ/m2 for compound 1 (see insert 
in Fig. 5.14). This positive intercept was denoted by T0. Below T0, some crack growth 
occurred and this was solely attributed to ozone and the rate of growth dc/dn was 
substantially independent of T. T0 was interpreted as the minimum tearing energy at 
which mechanico-oxidative crack growth took place [18]. 
 
 
Figure  5.14: Crack growth rate dc/dn versus tearing energy T for compound 1. The 
insert shows the lower end of the results. 
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Note that for compound 2, dc/dn continued rising as a function of T at the lower end 
of the results (see insert in Fig. 5.15) and no T0 value was measured for this 
vulcanisate. For an unfilled sulphur-cured NR a T0 of about 0.04 kJ/m2 has been 
reported [18]. It is also noteworthy that at the upper end of the results the deviation 
was attributed proximately to the catastrophic tearing energy Tc, at which crack 
growth rate approached infinity. Clearly, below Tc, dc/dn depended on T for both 
compounds. 
 
 
Figure  5.15: Crack growth rate dc/dn versus tearing energy T for compound 2. Insert 
shows the results at the lower end. 
0
0.5
1
1.5
0 0.2 0.4 0.6 0.8
0
20
40
60
80
100
120
0 1 2 3 4 5 6
dc
/d
n (
m
m
/M
cy
cl
e)
T (kJ/m2)
118 
 
Figure 5.16 shows dc/dn versus T results for compounds 1 and 2 on logarithmic 
scales. It was evident that the blooming of TBBS had a detrimental effect on dc/dn at 
a constant T. For example at about 0.28 kJ/m2, dc/dn increased by an order of 
magnitude as a result of the blooming of TBBS. The accumulative damage of the 
blooming of TBBS on dc/dn continued over the entire range of T, and as T reached 
its highest level, i.e. 4.8 kJ/m2, dc/dn was almost 94% higher. 
 
Figure  5.16: Crack growth rate dc/dn versus tearing energy T. Compound 1 (•), 
compound 2 (■). 
As mentioned earlier, values of the strain energy density, W, were calculated from 
the area under the retraction curves after repeatedly cycling the test pieces until the 
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force-extension curve settled to a virtually steady state after 7-10 cycles. The W 
values were used to calculate T, which was then plotted against the corresponding 
dc/dn to determine effect of stress relaxation and permanent set of the rubber during 
cycling on dc/dn. For instance, for compound 1 at 15% maximum strain amplitude, T 
was approximately 16% higher when effect of the permanent set on the rubber 
during cycling was not taken into account. This trend continued when the strain 
amplitude reached 40%. A similar feature was also observed for compound 2. Figure 
5.17 shows dc/dn versus T on logarithmic scales for compounds 1 and 2. For both 
compounds, dc/dn increased because of higher T values. This was due to the 
dependence of dc/dn on T.  
 
Figure  5.17: Crack growth rate dc/dn versus tearing energy T. Compound 1 with no 
allowance for stress relaxation in the rubber (•), with allowance for stress relaxation 
in the rubber (▲): compound 2 with no allowance for stress relaxation in the rubber 
(■), with allowance for stress relaxation in the rubber (o). 
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Clearly, higher energies caused the crack to propagate faster in the rubber. 
However, this effect disappeared soon after a few cycles (cf. Fig. 5.5 with Fig. 5.6) 
and the energy reached a steady value at constant maximum strain amplitude on the 
sample. 
5.3.3 Examination of the internal structure of the rubber and fracture surfaces 
after dynamic fatigue crack growth tests 
After the cyclic fatigue crack growth tests were completed, the fracture surfaces were 
examined in the SEM. There were two distinct regions on the fracture surfaces. 
Region near the rubber surface approximately 15-20 μm in size where there was a 
high concentration of reagglomerated TBBS particles, labelled A in Fig. 5.18 and Fig. 
5.19. These particles were up to 5 μm in size (Fig. 5.20) and had a plate-like 
structure (Fig. 5.21). 
 
 
Figure  5.18: SEM photograph from the fracture surface after fatigue test showing two 
distinct regions: region A and region B. Data for compound 1. 
 
A B 
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Figure  5.19:  SEM photograph from the fracture surface after fatigue test showing 
two distinct regions: region A and region B. Data for compound 2. 
 
Figure  5.20:  SEM photograph after the fracture surface was recovered from fatigue 
test showing region A in Figure 5.18 at a high magnification. Data for compound 1. 
A B 
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Figure  5.21: SEM photograph after the fracture surface was recovered from fatigue 
test showing region A in Figure 5.19 at a high magnification. Data for compound 2. 
 
When the cured rubber compound 1 was freeze-fractured and examined in the SEM, 
there were reagglomerated TBBS particles present underneath the rubber surface 
and some of these particles were sticking out of the rubber surface (Fig. 5.22). Also 
after the white bloom (Fig. 5.7) was removed by sellotape and the surface was 
examined in the SEM, it was found that the TBBS particles were sticking out, 
creating an uneven surface (Fig. 5.23). This was due to the crystallisation of TBBS 
from supersaturated solution, which took place more readily near or on the surface 
than in the rubber itself [6]. In the region more towards the middle, the surface 
consisted of small scale localised tearing, which characterised slow incremental 
crack growth in the rubber under repeated stressing, labelled B in Fig. 5.18 and Fig. 
5.19. 
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Figure  5.22: SEM photograph after freeze-fracture test showing re-agglomerated 
TBBS particles sticking out of the rubber surface creating a rough surface. Data for 
compound 1. 
 
Figure  5.23: SEM photograph from the unstrained rubber surface after bloom was 
removed by sellotape showing large solid particles in the rubber. Data for compound  
1. 
TBBS particles 
sticking out of 
the rubber 
surface 
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Regions B shown in Figs. 5.18 and 5.19 were examined at higher magnifications and 
the results showed a high concentration of re-agglomerated TBBS particles. 
However, the concentration of the re-agglomerated TBBS particles was much higher 
in compound 1 than it was in compound 2. For example, Figs. 5.24 and 5.25 show 
fracture surfaces after the rubber samples were tested at 15% and 40% maximum 
strain amplitudes (compound 1). Similarly, Figs. 5.26 and 5.27 show fracture 
surfaces after the rubber samples were tested at 15% and 40% maximum strain 
amplitudes (compound 2). Clearly, there are more re-agglomerated TBBS particles 
on the fracture surface of compound 1.   
 
Figure  5.24: SEM photograph of compound 1, fracture surface was recovered after 
cyclic fatigue test at 15% strain amplitude. 
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Figure  5.25: SEM photograph of compound 1, fracture surface was recovered after 
cyclic fatigue test at 40% strain amplitude. 
 
Figure  5.26: SEM photograph of compound 2, fracture surface was recovered after 
cyclic fatigue test at 15% strain amplitude. 
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Figure  5.27: SEM photograph of compound 2, fracture surface was recovered after 
cyclic fatigue test at 40% strain amplitude. 
Re-agglomeration of chemical additives caused tread cracking in tyres. Re-
agglomeration is defined to be physical re-arrangement of compounding ingredients 
after vulcanisation [2]. For instance, in the groove of a natural rubber truck tyre 
severe agglomeration was found throughout the tyre. Repeated stressing of the 
rubber produced hairline cracks in most of the re-agglomeration areas, which 
illustrated their relative weakness under stress. Interestingly, longer stretching cycles 
on sections from the same tread produced tears that tended to follow a path through 
many agglomerated areas. The re-agglomerated areas were rich in zinc and sulphur. 
Treads with a high degree of non-carbon re-agglomeration had poorer resistance to 
crack development than those in which there were little or no re-agglomeration. The 
initiation of cracks and their subsequent growth under stress occurred more 
frequently in the regions of re-agglomeration. Furthermore, because these areas 
contained more sulphur and zinc oxide, they were over cured and this decreased 
their resistance to cracking [2]. No data was produced to show effect of the 
agglomeration of the chemical curatives on dc/dn vs T of the vulcanisate. Re-
agglomeration was reduced or eliminated by good dispersion of all the compounding 
ingredients. Notably, TBBS re-agglomerated more extensively in compound 1 
127 
 
because there was more of it in the rubber, i.e. 6 phr, and this caused resistance to 
crack growth to decrease. This subsequently resulted in a higher rate of cut growth 
at a constant tearing energy. Rate of cyclic crack growth was also influenced by 
increases in the loading of carbon black [19]. However, there has been little or no 
data available on the effect of the re-agglomeration of chemical curatives on the 
cyclic crack growth rate vs tearing energy for silica-filled NR vulcanisates. 
Cure systems in industrial rubber articles for example tyre treads consist of up to five 
different chemicals. They include primary and secondary accelerators, primary and 
secondary activators, and elemental sulphur, which may add up to 9.6 phr [20]. 
Excessive use of the curing chemicals is harmful to health, safety, and the 
environment and their use is restricted by legislation. Precipitated silica pre-treated 
with TESPT is classified as a ″crosslinking filler″ [21]. Using 60 phr of this filler, 
Ansarifar and co-workers crosslinked and reinforced NR and substantially reduced 
the use of the curing chemicals in the rubber without compromising the good 
mechanical properties of the rubber vulcanisate [22]. To crosslink the rubber and 
optimise the chemical bonding between the rubber and filler via TESPT, 6 phr TBBS 
and 0.3 phr zinc oxide were added [22] and as this work has shown TBBS bloomed 
to the rubber surface. However, when the ratio of TBBS to ZnO was changed to 
3/2.5, the blooming of TBBS stopped. This was an additional benefit of using a 
crosslinking filler such as silanised silica. 
5.4 Conclusions 
From the work discussed in this chapter, it was concluded that 
1. Tensile strips of natural rubber crosslinked and reinforced with 60 phr 
silanised silica nanofiller containing a sharp edge crack were repeatedly 
stressed at a constant maximum strain amplitude and test frequency and 
relaxed to zero strain in each cycle. The crack grew and the rate of crack 
propagation was dependent on the level of the tearing energy. 
2. The rate of crack propagation increased significantly at a constant level of the 
tearing energy when TBBS re-agglomerated in the rubber. The re-
agglomeration had poor resistance to crack development and this caused the 
rate of crack growth to increase by up to 94% at a constant tearing energy. 
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Therefore, the blooming of TBBS was largely detrimental to the rate of cyclic 
fatigue crack growth in the rubber. 
3. TBBS re-agglomeration occurred more extensively near the rubber surface at 
a depth of 15-20 μm. When the TBBS/ZnO ratio was reduced from 6/0.3 to 
3/2.5, the TBBS re-agglomeration decreased very significantly and this 
improved the resistance of the rubber to crack development and crack growth. 
4. Using 60 phr of a sulphur-bearing silanised silica nanofiller to reinforce and 
cure the rubber via the tetrasulphane groups of the silane by adding TBBS 
and ZnO at a ratio of 3/2.5 eliminated the blooming of TBBS. This was a more 
efficient use of these chemicals and as a result, it reduced damage to health, 
safety and the environment and produced a better quality rubber vulcanisate. 
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Chapter	6	
6 Effect of blooming of chemical curatives on the 
durability of a silanised silica-filled natural rubber-to-
metal bonded bobbins 
6.1 Introduction 
The dynamic properties such as phase angle, dynamic stiffness, and fatigue life are 
very crucial in most applications. Rubbers are viscoelastic in nature and deformation 
in rubber materials can be divided into two components, i.e. elastic and viscous. The 
elastic component represents the spring which obeys the Hook’s law and stress and 
strain are in phase. The energy used to compress the spring is stored inside and can 
be recovered. Whereas, the viscous component represent the dashpot where stress 
and strain are out of phase by 90o. The energy used in dashpots to move the force 
against the viscous drag cannot be stored and recovered but this energy is lost as 
heat. Rubber compounds act in between an elastic spring and dashpots [1]. The 
bobbins which are used as vibration isolator should have low phase angle values. 
The low phase angle imparts better spring like properties and low heat build-up in 
the bobbins [1,2]. Fatigue life represents the durability, reliability, and safety of the 
rubber-to-metal bonded components [3,4].  
Fatigue life of rubber-to-metal bonded components depends on the mechanical 
loading condition, rubber formulation, and environmental conditions which include 
various factors such as temperature, oxygen level, ozone level, and the electrostatic 
charges [5].  However, as the results showed in the previous chapters (Chapters 4 
and 5), the cyclic fatigue life and crack growth rate of rubber vulcanisate also 
depended on the blooming of chemical curatives. The blooming of chemical 
curatives was responsible for the formation of micro flaws in the rubber which grew 
into larger cracks under repeated stressing. The cyclic crack growth rate increased 
at a constant level of the tearing energy due to the blooming of the chemical 
curatives.      
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6.2 Experimental 
6.2.1  Materials 
The raw elastomer used was standard Malaysian natural rubber grade L (SMR-L) 
containing 98 wt % 1-4 cis content. The reinforcing nano-filler was Coupsil 8113 
(Evonik Industries, AG, Germany). Coupsil 8113 is a precipitated amorphous white 
silica-type Ultrasil VN3. The surfaces of coupsil 8113 had been pretreated with a 
bis(3 triethoxysilylpropyl-)-tetrasulphane (TESPT) coupling agent, also known as 
Si69. It has 11.3 % by weight TESPT and 2.5 % by weight sulphur (included in 
TESPT). The surface area of the filler was recorded 175 m2/g as measured by N2 
adsorption. The particle size of the filler is 20-54 nm.  
In addition to the raw rubber and filler, the other ingredients were N-tert-butyl-2-
benzothiazole sulfenamide (TBBS; a safe-processing delayed action accelerator with 
a melting point of 109oC) (Santocure TBBS, Flexsys, Dallas, TX), zinc oxide (ZnO; 
an activator, Harcros Durham Chemicals, Durham, UK), and N-(1,3-dimethylbutyl)-
Nי-phenyl-p-phenylenediamine (an antidegradant with a melting point of 45oC, 
Santoflex 13, Brussels, Belgium). The melting temperatures of ZnO and silanised 
silica are above 1000oC. The cure system consisted of TBBS and ZnO, which were 
added to fully crosslink the rubber.  
As before, the rubber was cured via the tetrasulphane groups of TESPT and the 
rubber. TBBS accelerator was added to react the rubber reactive tetrasulphane 
groups of TESPT with the rubber chains, and zinc oxide (activator) was also included 
to enhance the efficiency of TBBS and maximise the curing reaction of the rubber. In 
addition, antidegradant was added to protect the rubber against environmental 
ageing by ozone and oxygen. 
The adhesive systems for bonding rubber to metal were Chemosil 211 and Chemosil 
225. Chemosil 211 was used as a primer on the metal surface to protect it against 
corrosion and Chemosil 225 was applied on top of the primer layer as the adhesive 
agent to bond rubber to metal. Chemosils 211 and 225 contain adhesive promoting 
agents and rubbery phases. During the vulcanisation process, the rubbery phases 
and adhesive promoting agents diffuse through the interfaces between primer, 
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adhesive and rubber layers to produce strong bonding and at the same time, the 
primer forms good bonding with the metal surfaces.   
6.2.2 Mixing 
The two natural rubber compounds (Table 6.1) were made in an industrial internal 
mixer at Eastland Compounding, UK. For the preparation of the rubber compounds, 
a total mixing time of 16 minutes was used [6]. The rubber and filler were placed in 
the mixing chamber and mixed for 13 minutes for fully dispersing silica particles in 
the rubber [7]. After 13 minutes mixing, TBBS, ZnO, and antidegradant were added 
and mixed for another 3 minutes. The rubber compounds were removed from the 
internal mixer and milled to a thickness of 10 mm and wrapped up in clean plastic 
sheeting. The compounds were then stored at ambient temperature (21 ± 2oC) for at 
least 24 hours before their cure properties were measured. The formulations for the 
two compounds are shown in Table 6.1. Note that these two compounds were used 
previously to measure effect of blooming of chemical curatives on the cyclic fatigue 
life and rate of cyclic crack growth in NR. Compound 1 showed extensive blooming 
of TBBS and compound 2 no blooming of TBBS (see chapters 4 and 5).    
Table  6.1: Formulations of two natural rubber compounds filled with a silanised silica 
filler. 
 Compound 
Formulation (phr) 1 2 
NR (SMR-L) 100 100 
Silanised silica 60 60 
TBBS 6 3 
ZnO 0.3 2.5 
Santoflex -13 1 1 
6.2.3 Cure properties of the rubber compounds 
The scorch time, ts2, which is the time for the onset of cure, and the optimum cure 
time, t90, which is the time for the completion of cure, of the rubber compounds were 
determined from the cure traces generated at 140oC ± 2oC and 165oC ± 2oC by a 
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moving disk rheometer (MDR, Prescott Instrument Ltd, Gloucestershire). The data 
was stored by using Prescott Labline software version 2001. Tests were performed 
at angular displacement of 3o and 1.7 Hz frequency.  
The cure rate index, which is a measure of the rate of cure in the rubber, was 
calculated using the method described previously [8]. The rheometer tests ran for up 
to 1 and ½ hour. As mentioned already, ∆torque is the difference between the 
maximum and minimum torque values on the cure trace of the rubber and indicates 
cross-link density changes [9] and was calculated from the cure traces. These 
measurements were carried out at the testing laboratories DTR VMS Ltd, UK. 
6.2.4 Curing of the rubber compounds for further work 
After the rubber compounds were stored at ambient temperature for at least 24 
hours, they were then cured in an electrically heated hydraulic press at 165oC (Table 
6.2) to produce thin sheets  2.8 mm thick for measuring the hardness, tensile 
strength, elongation at break and specific gravity. To make the bobbins, the metal 
inserts were first coated with primer (Chemosil 211). After the primer dried off, a top 
coat (Chemosil 225) was applied on top of the primer. When the metal inserts were 
completely dried, they were placed in the cavity of a transfer mould. The rubber 
compound was placed in the transfer pot and a plunger was applied on top of the 
rubber. The whole assembly was placed in a hydraulic press which was heated to 
140oC under pressure. Whilst under pressure, the rubber was transferred from the 
transfer pot into the mould cavity through the sprues. After curing for 30 min 
(compound 1) and 50 min (compound 2), the bobbins were recovered from the 
moulds and kept at ambient temperature before the durability tests were performed. 
The dimensions of the bobbin test piece are given in Fig. 6.1.  
6.2.5  Hardness of vulcanisates 
The Cogenix, IRHD, Dead Load Hardness tester, Model H14 with 2.5 mm indenter 
(The Wallace Instruments, UK) was used for measuring the hardness of the rubber 
vulcanisates. Cylindrical samples, 12 mm thick and 28 mm in diameter, were cured 
and tested at ambient temperature (20 ± 2oC). The samples were placed in the 
durometer for a 15-second interval after which a final reading was taken as 
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international rubber hardness degrees (IRHD) value.  This was repeated at three 
different positions on each sample and the median of the three readings was 
subsequently indicated [10].  
 
Figure  6.1: The dimensions of the bobbin test piece. All the measurements are in 
mm. 
6.2.6 Durability tests of the bobbins 
The Deltalab-Nene’s servo-hydraulic testing machine (Deltalab- Nene Ltd, Northants, 
UK) was used for measuring the durability of the bobbins made from compounds 1 
and 2.  The tests were carried out at room temperature (21 ± 2oC). The bobbins were 
mounted on a testing machine at zero pre-load. The experiments were performed at 
a test frequency of 5 Hz with a strain amplitude of ±7 mm (20% compression and 
20% extension). The standard configuration for Deltalab-Nene testing system allows 
simultaneous reading and storage of two main input channels that is two signals that 
are read to determine dynamic properties of the components being tested. These 
channels are normally “load” and “displacement”, where “displacement” refers to the 
movement of the test machine and “load” to the reaction of the sample to the 
movement.  
The Deltalab-Nene software was used for storing and processing the data. On the 
basis of load and displacement, software worked out the secant modulus, dynamic 
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stiffness, phase angle and Kd:Ks ratios (dynamic spring rate : static spring rate). The 
test sweep ranges for these tests were 12-17 Hz at 1 Hz frequency step and strain 
amplitude of 0.5 mm and 70-150 Hz at 3 Hz frequency step and strain amplitude of 
0.05 mm.  
For measuring the durability or fatigue life of the bobbins, the machine run 
continuously until the bobbins failed. These tests were performed after the bobbins 
were stored for up to 60 days at ambient temperature. The Nene durability machine 
is shown in Fig. 6.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  6.2: Nene servo-hydraulic testing machine for durability test of the bobbins. 
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6.3 Results and discussions 
6.3.1 Cure properties of the rubber compounds 
The cure properties of rubber compounds 1 and 2 are reported in Table 6.2. The 
TBBS/ZnO ratio for compound 1 was 6/0.3 and for compound 2, 3/2.5. Compound 1 
had a slightly shorter optimum cure time because it had a higher loading of TBBS. 
Compound 1 also had a higher ∆torque value, which indicated a higher crosslink 
density than compound 2.  
Table  6.2: Cure properties of rubber compounds 1 and 2 measured at 165oC.  
 Compound 
 1 2 
   
Minimum torque (dN m) 6.68 6.86 
Maximum torque (dN m) 34.5 22.71 
∆torque (dN m) 27.82 15.85 
Scorch Time, T2 (min) 2 1.5 
Optimum cure time T90 (min) 8:52 9:07 
Cure rate index (min -1) 14.58 13.14 
 
6.3.2 Hardness and mechanical properties of the rubber vulcanisates 
The bobbins were stored at ambient temperature for up to 60 days before the 
durability tests were performed. The surfaces of the bobbins were inspected for 
bloom. After a few days, the bobbins made from compound 1 showed a white bloom 
layer on the surface. Whereas, the bobbins made from compound 2 remained clean 
and shiny and there was no evidence of bloom when they were examined visually. 
The hardness of compound 1 was 7 % higher than that of compound 2 (Table 6.3). 
This was due to the fact that compound 1 had a higher crosslink density as indicated 
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by the ∆torque value. Blooming of TBBS had no adverse effect on the specific 
gravity and tensile strength of the rubber but elongation at break was somewhat 
lower by almost 16%. Previous studies showed that crosslink density changes affect 
rubber properties. For example, hardness and modulus increase and elongation at 
break decrease when crosslink density increases [11-13]. Our results are in line with 
the previous findings. 
Table  6.3: Hardness and mechanical properties of cured compounds 1 and 2  
 Compound 
 1 2 
Specific gravity  1.154 1.152 
Hardness (IRHD) 84 78 
M 100 (N/mm) 4.85 2.93 
Tensile strength (N/mm) 28.62 26.6 
Elongation at break (%) 458 543 
 
6.3.3 Static and dynamic properties of the bobbins 
Some important static and dynamic properties of the bobbins are reported in Table 
6.4. These properties were obtained during the durability tests. Compound 1 had a 
higher dynamic and static stiffness but a lower Kd:Ks ratio which made it more 
suitable for damping applications. The Kd:Ks ratio of compound 2 was higher than 
that of compound 1 but the ratio was still towards the lower end which made this 
compound suitable for damping applications. Both compounds had low phase 
angles, i.e. 9-10o, which made them suitable for the heat build-up applications. 
Compound 1, due to low Kd:Ks ratio and phase angle value, was a better option for 
using in dynamic applications than compound 2.    
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Table  6.4: Static and dynamic properties of the bobbins made from compounds 1 
and 2 
 Compound 
 1 2 
15Hz frequency and 0.5mm amplitude 
Dynamic stiffness (N/mm) 1352 1027 
Phase angle (o) 1.48 1.79 
Kd:Ks Ratio  1.48 1.80 
100Hz frequency and 0.05mm amplitude 
Dynamic stiffness (N/mm) 2191 1616 
Phase angle (o) 9.26 10.03 
Kd:Ks Ratio  2.40 2.83 
 
6.3.4 Durability tests of the bobbins 
The cyclic fatigue life of compounds 1 and 2 had already been measured using 
standard dumbbell test pieces and the results were reported in chapter 4. Compound 
1 had   inferior cyclic fatigue life when compared with compound 2. The reason was 
the blooming of TBBS to the rubber surface, which resulted in the formation of small 
flaws in the rubber vulcanisate and this weakened the rubber and led to short cyclic 
fatigue life. To assess effect of the blooming of TBBS on the fatigue life of industrial 
components, rubber-to-metal bonded bobbins were manufactured. The bobbins were 
tested under tension and compression for measuring their durability. In total, three 
bobbins were tested for each compound after they were stored at ambient 
temperature for 1, 30, and 60 days. In all the bobbins, rubber-to-metal bond failure 
occurred during the durability tests. The durability of the bobbins in terms of the 
number of cycles to failure was reported for both compounds in Table 6.5.      
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Table  6.5: Durability of the bobbins made from compounds 1 and 2  
 Compound 
 1 2 
Durability after 1 day storage time (kc) 45 112 
Durability after 30 days storage time (kc) 87 117 
Durability after 60 days storage time (kc) 69 75 
 
There was an increase in the durability of the bobbins after 30 days in storage for 
both compounds 1 and 2 but after 30 days storage, the durability dropped again. The 
reason might be that the crosslink density at the bonded interface increased more 
(bridges formed between the top coat and the rubber), which strengthened the 
rubber-to-metal bond over time before other factors affected the durability of the 
bobbins. It was clear from the results (Fig. 6.3) that the bobbins made from 
compound 2 were more durable than those made from compound 1. Interestingly, 
these results were in line with the cyclic fatigue life measurements for compounds 1 
and 2 reported in chapter 4. The results showed that compound 1 had a shorter 
cyclic fatigue life than compound 2 and this was similar to the results obtained from 
the bobbins.  
 
Figure  6.3: Comparison of the durability of the bobbins made from compound 1(■), 
compound 2 (■). 
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As mentioned earlier, the bobbins failed prematurely at the rubber-to-metal bonded 
region (Fig. 6.4). For bobbins made from compound 1, the bond failure occurred 
sooner during testing. It is likely that the gradual migration and build-up of TBBS at 
the bonded interface caused poor adhesion between the rubber and top coat, and 
this in turn adversely affected the quality of the bond, causing it to fail sooner. 
Normally, cohesive failure in the rubber is of interest rather than failure at the bond.       
 
 
 
 
 
 
 
 
 
Figure  6.4: A typical rubber-to-metal bond failure after dynamic testing on a bobbin 
made from compound 1.  
 
6.4 Conclusions 
1. Both compounds 1 and 2 had very low phase angles and Kd:Ks ratios, which 
made them suitable for the dynamic and heat build-up applications. 
2. The Bobbins failed eventually during testing at the rubber-to-metal bonded 
interface. The bobbins made from compound 1 were less durable than those 
made from compound 2. The migration and build-up of TBBS to the 
rubber/topcoat interface might have caused poor adhesion at the bond and 
reduced the bond strength, causing it to fail sooner.  
3. Compound 1 was harder and had a higher modulus and tensile strength and a 
lower elongation at break.  
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4. The bobbins made from compound 1 had higher dynamic stiffness and lower 
phase angle and kd:ks ratio but they were less durable as a function of 
storage time.       
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Chapter	7	
7 Effect of the re-agglomeration and migration of 
chemical curatives on the mechanical properties of 
natural rubber filled with a silanised silica nanofiller 
7.1 Introduction 
The rubber industry uses different compounding ingredients in natural and synthetic 
rubbers. These compounding ingredients usually have high solubility at high 
temperatures and low solubility at low temperatures. Due to the low solubility at 
lower temperatures, most of the compounding ingredients start migrating to the 
surface of vulcanised and unvulcanised rubbers. The phenomenon of the migration 
followed by crystallisation is known as blooming [1]. The blooming of certain 
ingredients, such as waxes and antidegradants, can be of benefit. The waxes and 
antidegradants have very low melting points and during vulcanisation they melt and 
upon cooling migrate to the surface to protect the rubber against environmental 
ageing. However, blooming of most ingredients such as chemical curatives is 
detrimental to the rubber properties. 
Blooming of chemical curatives is of particular concern. Some studies have shown 
that common curing systems such as sulphur, sulphenamide accelerators, and 
sulphur donors, can readily migrate to the surface of rubber [1-4]. Blooming in rubber 
compounds depends on the type of curatives and their solubility in raw elastomers 
[3]. Most chemical curatives melt at high curing temperatures, i.e. 140-240oC, and if 
these curatives are present in excessive amounts, they form a supersaturated 
solution. Upon cooling re-crystallisation occurs. Under favourable conditions, 
crystallisation occurs more readily on the surface of the rubber rather than in the bulk 
of the rubber [5].     
In this chapter, a natural rubber compound filled with a high loading of a silanised 
silica filler, and TBBS (accelerator) and ZnO (activator) chemical curatives were 
prepared. The compounds were cured at 140oC (above the melting temperature of 
TBBS) and at 85 ± 2oC (below the melting temperature of TBBS). When the rubber 
compounds were cured above the melting temperature of TBBS, TBBS melted, re-
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agglomerated and then migrated to the rubber surface. When the rubbers were 
cured below the melting point of TBBS, there was a lot less re-agglomeration and 
migration of TBBS to the rubber surface. This helped to evaluate effect of the re-
agglomeration and migration of TBBS to the rubber surface on the mechanical 
properties including cyclic fatigue life of the rubber vulcanisates.      
7.2 Experimental    
7.2.1 Materials 
The raw elastomer used was standard Malaysian natural rubber grade L (SMR-L) 
containing 98 wt % 1-4 cis content. The reinforcing nano-filler was Coupsil 8113 
(Evonik Industries, AG, Germany). Coupsil 8113 is a precipitated amorphous white 
silica-type Ultrasil VN3. The surfaces of coupsil 8113 had been pretreated with a 
bis(3 triethoxysilylpropyl) tetrasulphane (TESPT) coupling agent, also known as 
Si69. It has 11.3 % by weight TESPT and 2.5 % by weight sulphur (included in 
TESPT). The surface area of the filler was recorded 175 m2/g as measured by N2 
adsorption. The particle size of the filler is 20-54 nm.  
In addition to the raw rubber and filler, the other ingredients were N-tert-butyl-2-
benzothiazole sulfenamide (TBBS; a safe-processing delayed action accelerator with 
a melting point of 109oC) (Santocure TBBS, Flexsys, Dallas, TX), zinc oxide (ZnO; 
an activator, Harcros Durham Chemicals, Durham, UK), and N-(1,3-dimethylbutyl)-
Nי-phenyl-p-phenylenediamine (an antidegradant with a melting point of 45oC, 
Santoflex 13, Brussels, Belgium). The melting temperatures of ZnO and silanised 
silica are above 1000oC. The cure system consisted of TBBS and ZnO, which were 
added to fully crosslink the rubber. 
As before, the rubber compounds were fully cured by optimising the reaction 
between the rubber reactive tetrasulphane groups of TESPT and the rubber chains 
by adding TBBS and ZnO. Antidegradant was also added to protect the rubber 
against environmental ageing by ozone and oxygen. 
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7.2.2 Mixing 
The rubber compounds were prepared in a Haake Rheocord 90 (Berlin, Germany), a 
small size laboratory mixer with counter rotating Banbury rotors. In these 
experiments, the Banbury rotors and the mixing chamber were initially set at 48oC, 
and the rotor speed was set at 45 rpm. Polylab Monitor 4.17 software was used for 
controlling the mixing condition and storing data. 
For the preparation of the rubber compounds, a total mixing time of 16 minutes was 
used. The rubber and filler were placed in the mixing chamber and mixed for 13 
minutes for fully dispersing the silica particles in the rubber. After 13 minutes mixing,  
TBBS, ZnO, and antidegradant were added and mixed for another 3 minutes. The 
compounds were removed from the mixer and put into clean plastic bags. The 
volume of the mixing chamber was 78 cm3, and it was 58% full during mixing. In 
total, two rubber compounds were made (Table 7.1). Note that these compounds 
were used previously to study effect of the blooming of chemical curatives on the 
cyclic fatigue life and rate of cyclic crack growth in natural rubber (see chapters 4 
and 5).   
Finally, after mixing ended the rubber compounds were milled to a thickness of 6 mm 
for further work. The compounds were stored at ambient temperature (21 ± 2oC) for 
at least 24 hours before their cure properties were measured.  
Table  7.1: Formulations of two natural rubber compounds filled with a silanised silica. 
 Compound 
Formulation (phr) 1 2 
NR (SMR-L) 100 100 
Silanised silica 60 60 
TBBS 6 3 
ZnO 0.3 2.5 
Santoflex -13 1 1 
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7.2.3 Cure properties of the rubber compounds 
The scorch time, ts2, which is the time for the onset of cure, and the optimum cure 
time, t95, which is the time for the completion of cure, were determined from the cure 
traces generated at 140oC ± 2oC (above the melting point of TBBS) by an oscillating 
disc rheometer (ODR) (Monsanto, Swindon, UK). The rubber compounds were also 
cure at 85oC ± 2oC (below the melting point of TBBS). The data was stored using 
Prescott instruments labline software version 2.0.10.12. Tests were performed at 
angular displacement of ±3o and 1.7 Hz frequency [6].  
The cure rate index, which is a measure of the rate of cure in the rubber, was 
calculated using the method described previously [7]. The rheometer tests ran for up 
to 2 h. ∆Torque (the difference between the maximum and minimum torque values 
on the cure trace of the rubber and indicates cross-link density changes) [8], was 
calculated from these traces.  
Note that the cure property of the rubber compounds at 85oC were not measured  on 
the ODR because it would have taken a few days to complete the tests and the 
machine had to run continuously and this was not practical. Therefore, the Arrhenius 
equation was used to theoretically calculate the scorch and optimum cure times of 
the rubber compounds.   
7.2.4 Use of the Arrhenius equation to calculate cure properties of the rubber 
compounds at 85oC 
Vulcanisation of rubber compounds is a combination of chemical reactions which 
usually follow Arrhenius relationship (Eq 7.1). To use this equation to get scorch and 
optimum cure times for the rubber compounds at 85oC, it was essential to plot ln k 
against 1/T to get a straight line. So compounds 1 and 2 were cured at 140, 165, and 
180oC in the ODR and the scorch and optimum cure times measured at these 
temperatures (Table 7.2) were placed in equation 7.1 to produce figures 7.1-7.4.  
݈݊	݇	 ∝ 1/ܶ                                            7.1 
where k is the scorch and optimum cure time in this case  and T the temperature in 
Kelvin. The scorch and optimum cure times were summarised in Table 7.3.   
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Table  7.2: Cure properties of two natural rubber compounds. 
 Compound 
 1 2 
 ODR results at 140oC 
∆torque (dN m) 80 68 
Scorch time (min) 9 10 
Optimum cure time (min) 27 53 
Cure rate index (min-1) 5.6 2.3 
 ODR results at 165oC 
∆torque (dN m) 55 48 
Scorch time (min) 2 1.83 
Optimum cure time (min) 6.5 11.5 
Cure rate index (min-1) 22.2 10.3 
 ODR results at 180oC 
∆torque (dN m) 58.49 41.73 
Scorch time (min) 1.25 1.13 
Optimum cure time (min) 3.2 4.1 
Cure rate index (min-1) 51.3 33.7 
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Figure  7.1: Arrhenius plot between scorch time and curing temperature. Data for 
compound 1. 
 
Figure  7.2: Arrhenius plot between scorch time and curing temperature. Data for 
compound 2. 
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Figure  7.3: Arrhenius plot between optimum cure time and curing temperature. Data 
for compound 1. 
 
Figure  7.4: Arrhenius plot between optimum cure time and curing temperature. Data 
for compound 2. 
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Figures 7.1 and 7.2 show the Arrhenius plots for calculating the scorch times and 
Figures 7.3 and 7.4 the plots for calculating the optimum cure times of the rubber 
compounds. The results are summarised in Table 7.3.  
Table  7.3: Cure properties of the two rubber compounds at 85oC. Data from the  
Arrhenius plots in Figures 7.1-7.4. 
 Compound 
 1 2 
Scorch time (h:min) 4:30 6:40 
Optimum cure time (h:min) 18:45 83:30 
After the optimum cure times of the rubber compounds were calculated at 140oC, 
140 g of each rubber compound was placed in a compression mould and the mould 
was put in a hydraulic press preheated to 140oC ± 2oC under a pressure of 11 MPa 
to force the rubber into the mould cavity to produce sheets 2.5 mm thick and 15 cm 
by 15 cm in dimensions. Thin polyethylene films were used to protect the rubber in 
the mould against contamination. The mould was then removed from the press and 
the cured rubber sheet recovered and cooled. To cure the rubber compounds at 
85oC, the plates on either side of the compression mould were kept in position by 4 
G clamps and put in a preheated oven at 85oC to fully cure according to the optimum 
cure times shown in Table 7.3 to produce thin sheets 2.5 mm thick and 15 cm by 15 
cm in dimensions. After the rubber compounds were cured, they were removed from 
the mould and cooled in air at ambient temperature and left in storage for up to 60 
days to allow full blooming to appear on the rubber surfaces. At the end of this 
process, five rubber compounds were available for further work as described below.  
1* : Compound 1 cured at 85 oC temperature and cooled in air. 
1+ : Compound 1 cured at 140 oC temperature and quenched in tap water. 
1# : Compound 1 cured at 140 oC temperature and cooled in air.  
2* : Compound 2 cured at 85 oC temperature and cooled in air. 
2# : Compound 2 cured at 140 oC temperature and cooled in air. 
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7.2.5 Examination of the unstrained rubber surfaces and fracture surfaces after 
the cyclic fatigue tests 
In order to study effect of blooming of the chemical curatives on the rubber surfaces 
and inspect the internal structure of the test pieces before and after cycling, a Carl 
Zeis Leo 1530VP field emission gun scanning electron microscope (FEGSEM) (Carl 
Zeiss NTS GmbH, Oberkochen, Germany) was used. The composition of solid 
particles in the rubber was determined by an energy dispersive X-ray (EDX) 
microanalyser (Phoenix System, EDAX, USA). After the test pieces were cycled, the 
fracture surfaces were examined in the SEM. To examine the internal structure of 
the rubber before cycling, small pieces of the vulcanisates were placed in liquid 
nitrogen for 5 min. They were recovered and fractured into two pieces to create fresh 
surfaces, approximately 11 mm2 in area and 3 mm thick, which were coated with 
gold and placed in the SEM. Similarly, after the test pieces were cycled to failure, the 
fracture and external surfaces were examined in the SEM.  
To study effect of the blooming of the chemical curatives on the rubber surface, 
samples 4 mm × 6 mm were cut from the vulcanised sheets of rubber and examined 
in the SEM. SEM photographs were subsequently used to analyse the results. 
7.2.6 Tensile properties and Young’s modulus of the rubber vulcanisates 
The Young’s modulus, tensile strength, elongation at break, stored energy density at 
break, and modulus at different strain amplitudes of the rubber vulcanisates were 
determined in uniaxial tension in a  Lloyd testing machine LR50K (Hampshire, UK) 
with dumbbell test-pieces 75 mm long with a central neck 25 mm long and 3.6 mm 
wide. The test-pieces were die-stamped from the sheets of cured rubber 2.5 mm 
thick. The tests were performed at crosshead speed of 50 mm/min at ambient 
temperature (20 ± 2oC). For each rubber, three test pieces were fractured, and the 
median of the three values was subsequently noted [9].  
7.2.7 Cyclic fatigue life of the rubber vulcanisates 
The cyclic fatigue life (the number of cycles to failure), N, of the vulcanisates was 
measured in uniaxial tension in a Hampden dynamic testing machine (Northampton, 
UK), with standard dumbbell test pieces. The test pieces were die-stamped from the 
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sheets of cured rubber. The tests were performed at a constant maximum deflection 
of 100% (the central neck was stretched to 50 mm) and a test frequency of 1.4 Hz. 
The test temperature was 21± 2oC, and the strain on each test piece was relaxed to 
zero at the end of each cycle [10]. In total, for each rubber vulcanisate, 8 test pieces 
were cycled to failure after they were kept in storage for 60 days. 
7.2.8 Hardness of the rubber vulcanisates 
A durometer hardness tester Shore A (The Wallace Instruments, Surrey, UK) was 
used to measure the hardness of the vulcanisates. Cylindrical samples 12 mm thick 
and 28 mm in diameter were cured and used for this test at ambient temperature 20 
± 2oC. The samples were placed in the durometer for a 15-second interval and a final 
reading was taken after this time elapsed. This was repeated at three different 
positions on each sample and the median of the three readings was subsequently 
indicated [11].  
7.3 Results and discussion 
7.3.1 Examination of the surfaces of the rubber vulcanisates 
After curing ended, the rubber sheets were stored at ambient temperature (21± 2oC) 
for 60 days and the rubber surfaces were examined regularly. After three weeks, a 
white bloom appeared on the surface of compound 1. When the surface of this 
compound was examined in the SEM, the whole surface was found to be covered 
with a bloom layer. Figure 7.5 shows a leaf-like pattern formed on the rubber surface 
by the bloom. When this bloom was examined under high magnification, some 
different shape particles were seen to be present on the rubber surface (Fig. 7.6). To 
assess effect of the blooming on the internal structure of the rubber, a cured sample 
of compound 1 was freeze-fractured in liquid nitrogen. The fresh fractured surface 
was then examined in the SEM. The surface was smooth and there was little or no 
re-agglomerated of TBBS in the bulk of the rubber (Fig. 7.7).  However, on the 
surface and 15-20 m beneath the surface TBBS re-agglomerated and formed a 
solid layer (Fig. 7.8).   
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Figure  7.5: SEM photograph of compound 1 cured at 85oC showing leaf-like 
structure on the un-strained surface of the cured rubber. 
 
Figure  7.6: SEM photograph of compound 1 cured at 85oC showing different shape 
particles embedded on the surface of the un-strained rubber. 
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Figure  7.7: SEM photograph from the freeze-fracture test of compound 1 cured at 
85oC showing the bulk of the rubber. 
 
Figure  7.8: SEM photograph from the freeze-fracture tests of compound 1 cured at 
85oC, showing accumulation of TBBS on and beneath the rubber surface. 
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Compound 2 was also cured at 85oC to produce thin sheets and stored at ambient 
temperature for 60 days. The surfaces of compound 2 were examined regularly 
whilst kept in storage. There was no sign of bloom on the rubber surfaces. The 
surfaces looked very clean and shiny by naked eye. The SEM results confirmed the 
absence of TBBS on the rubber surface (Fig. 7.9). Also, the SEM photographs taken 
from the rubber surfaces after freeze-fracture confirmed the absence of TBBS 
migration and re-agglomeration near and on the surfaces as well as in the bulk of the 
rubber (Fig. 7.10).   
 
Figure  7.9: SEM photograph of compound 2 cured at 85oC showing the un-strained 
surface of the cured rubber. 
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(a)                                                         (b) 
Figure  7.10: SEM photographs after freeze-fracture of compound 2 cured at 85oC.  
(a) shows bulk of the rubber, (b) Shows the area beneath the rubber surface. 
 
The melting point of TBBS, which was the main migrating compounding ingredient, is 
109oC and it melted during the curing of the rubber compounds at 140oC. If the 
amount of TBBS in the rubber is excessive, it will form a supersaturated solution 
inside rubber and upon cooling will migrate through the rubber and re-crystallises on 
the rubber surface [1]. The re-crystallisation and migration of TBBS to the rubber 
surface is not favourable because chemical curatives such as TBBS are expected to 
remain in the rubber during the curing process to produce crosslinks uniformly 
throughout the rubber matrix. To minimise the migration of TBBS to the rubber 
surface, compound 1 was cured at 140oC and then quenched in cold tap water at 
5oC. The sheet was recovered from the water and placed in a clean plastic bag after 
it was dried. The sheet was subsequently stored at ambient temperature (21 ± 2oC) 
for 60 days. The rubber surfaces were regularly examined for bloom. After 2 weeks, 
some evidence of crystallisation of TBBS was found but there was no white bloom 
on the rubber surface as was the case when the rubber was cured at 140oC, cooled 
in air and stored at ambient temperature for 60 days. When the surface was studied 
in the SEM, some solid particles were found on the rubber surface (Fig. 7.11). The 
concentration of these solid particles was different at different places. Figure 7.12 
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shows two distinct regions, region ‘a’ a low concentration and region ‘b’ a higher 
concentration of the solid particles. 
 
Figure  7.11: SEM photograph of compound 1 quenched in cold tap water after curing 
at 140oC, showing the un-strained surface. 
 
Figure  7.12: SEM photograph of compound 1 quenched in cold tap water after curing 
at 140oC showing the un-strained surface. (a) Low concentration area of bloom, (b) 
High concentration area of bloom. 
a 
b 
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7.3.2 Mechanical properties of the rubber vulcanisates  
Different curing and cooling conditions affected the rubber properties not in the same 
way. Compound 1*, with the exception of the hardness, had superior stored energy 
density at break at 145 MJ/m3, elongation at break at 937% and Young’ modulus at 
17 MPa (Table 7.4). The tensile strength of compounds 1* and 1+ were the same at 
38 MPa. The properties of compound 1# were at the lower end. Clearly, the curing of 
the rubber compounds at 85oC and cooling them in air was beneficial to most of the 
rubber properties.  
Compound 2 also showed a similar trend. Compound 2*, which was cured at 85oC 
and cooled in air, had superior mechanical properties with Young’s modulus at 9 
MPa, elongation at break at 902 %, stored energy density at 124 MJ/m3 and 
hardness at 71.6 Shore A (Table 7.4). Once more, the curing of the rubber at 85oC 
and cooing it in air was beneficial to the rubber properties.  
Table  7.4: Mechanical properties of compounds 1 and 2 cure and cooled under 
different conditions. 
 Compound 
 1* 1+ 1# 2* 2# 
Young’s modulus (MPa) 17 9 13 9 6 
Tensile strength (MPa) 38 38 34.5 35 35 
Elongation at break (%) 937 819 754 902 822 
Stored energy density at 
break (MJ/m3) 
145 136 114 124 120 
Hardness (Shore A) 78.9 80.3 76.5 71.6 71 
* Compounds cured at 85oC and cooled in air. 
+ Compounds cured at 140oC and quenched in tap water. 
# Compounds cured at 140oC and cooled in air. 
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7.3.3 Cyclic fatigue life of the rubber vulcanisates 
As mentioned earlier, 8 samples of each compound were tested at ambient 
temperature. The compounds were stored for 60 days, which was long enough to 
allow the chemical curative, namely TBBS, to bloom. The cyclic fatigue life test 
results, N, versus sample number are presented in Figs. 7.13 - 7.15. Figure 7.13 
shows the data for compound 1* which was cured at 85oC and cooled in air, where N 
was 75-108 kc. The median value of N for compound 1* was 86 kc.  
The cyclic fatigue life, N, of compound 1+ increased from 98 – 136 kc (Fig. 7.14). The 
median N value was 113 kc.    
 
  
Figure  7.13: Cyclic fatigue life versus sample number for compound 1*. 
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Figure  7.14: Cyclic fatigue life versus sample number for compound 1+. 
 
Figure 7.15 shows the N values of compound 2* which were 120 - 172 kc, and the 
median was 144 kc. 
 
Figure  7.15: Cyclic fatigue life versus sample number for compound 2*. 
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Figure  7.16: Comparison of median values of the cyclic fatigue life of compounds 1#, 
1+, and 1*. 
 
Figure 7.16 shows the comparison of the median values of cyclic fatigue life of 
compounds 1*, 1+, and 1#. The quenching of the rubber compound after curing it at 
140oC resulted in an increase of the cyclic fatigue life by almost 32%.  Note that 
compound 2* has a longer cyclic fatigue life than compound 1+. 
When the chemical curatives bloomed to the surface of the rubber, they produced 
cracks and weaknesses on the rubber surface. Figure 7.17 shows a crack forming 
around the solid particles bloomed to the rubber surface. This figure shows a small 
crack approximately 5 µm in size created by the de-bonding of the solid particle from 
the rubber matrix. It was also noted that the number of flaws in the rubber increased 
with an increase in the concentration of blooming. When a rubber with flaws such the 
ones shown in Figure 7.17 are used under dynamic loading conditions in service, 
cracks start growing and eventually resulting in the catastrophic failure of the article.  
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Figure  7.17: SEM photograph showing a crack formed around a migrated particle on 
the rubber surface. Data for compound 1+. 
The more the particles migrate to the surface, the more flaws will be in the rubber.  
After the cyclic fatigue tests were completed, the fractured surfaces and sample 
surfaces of compound 1* and compound 1+ were examined in the SEM. Figure 7.18 
shows the surface of compound 1* after cycling. TBBS, the migrating chemical 
curative, was present on the surface in the form of solid particles. It seemed as the 
TBBS particles were de-bonded from the rubber and appeared as free particles on 
the surface of the rubber. The size of these particles was up to 5 µm. The TBBS 
particles formed a layer of about 20 µm under the surface of the un-stretched rubber 
as was shown in Fig. 7.8. When the rubber was cycled, the TBBS particles de-
bonded and migrated to the surface (Fig. 7.18). There were no TBBS particles seen 
on the fracture surfaces which were recovered from the cyclic fatigue test on 
compound 1*. Figure 7.19 shows a typical clean fractured surface of compound 1*.   
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Figure  7.18: SEM photograph showing the bloomed TBBS particles on the surface of 
the rubber recovered after cyclic fatigue test. Data for compound 1*. 
 
Figure  7.19: SEM photograph showing a clean fracture surface of the rubber 
recovered after cyclic fatigue test. Data for compound 1*. 
165 
 
When the surface of compound 1+ was examined in the SEM after freeze-fracture, a 
bloom layer about 1 µm was found on the rubber surface (Fig. 7.20). For this 
compound, the fracture surfaces recovered from the cyclic fatigue tests showed 
some platelet crystals of TBBS and almost all the crystals seemed to be tightly 
bonded to the rubber (Fig. 7.21). The surface of the rubber recovered after the cyclic 
fatigue tests had these platelets on the surface too as shown in the Fig. 7.22. The 
TBBS crystals on the surface remained tightly bonded to the rubber even after the 
rubber was repeatedly stressed in the cyclic fatigue tests.  
 
 
Figure  7.20: SEM photograph showing a bloom layer (TBBS) on the surface of the 
rubber after freeze-fracture. Data for compound 1+. 
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Figure  7.21: SEM photograph of fractured surface of the rubber recovered after 
cyclic fatigue test. Data for compound 1+. 
 
Figure  7.22: SEM photograph of surface of rubber recovered after cyclic fatigue test. 
Data for compound 1+. 
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Figure  7.23: SEM photograph of the rubber surface recovered after the cyclic fatigue 
tests showing some cracks and voids weakening the rubber surface. Data for 
compound 1+. 
Figure 7.23 shows cracks and voids produced on the rubber surface after repeated 
stressing of the rubber samples in the cyclic fatigue tests. These cracks and voids 
formed where TBBS bloomed more intensely on the rubber surface. From the SEM 
results, it was evident that compound 1# (cured at 140oC and cooled in air) had re-
agglomeration and extensive migration, compound 1+ (cured at 140oC and quenched 
in water) re-agglomeration and some migration, and compound 1* (cured at 85oC 
and cooled in air) no re-agglomeration and some migration of TBBS to the rubber 
surface. The reason that compounds 1* had no re-agglomeration was because it 
was cured at 85oC and therefore TBBS did not melt to re-agglomerate. In these 
compounds, there was too much un-reacted TBBS which melted and re-
agglomerated. Interestingly, compound 2* and compound 2# had no re-
agglomeration and migration of TBBS in them. This was because the TBBS to ZnO 
ratio was 3/2.5 and there was much less un-reacted TBBS in the rubber to melt and 
re-agglomerated.   
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7.4 Conclusions  
 
From this study it was concluded that  
1. When the silanised silica-filled rubber with 6 phr TBBS and 0.3 phr ZnO was 
cured at 140oC and cooled in air and quenched in cold tap water, TBBS re-
agglomerated and migrated to the rubber surface, causing blooming. This was 
due to the excessive amount of TBBS in the rubber which did not react fully 
during the curing process. When the rubber compound was cured at 85oC and 
cooled in air, there was little or no re-agglomeration but some migration of 
TBBS to the rubber surface.   
2. When the silanised silica-filled rubber compound with 3 phr TBBS and 2.5 phr 
ZnO was cured at 140oC and 85oC and then cooled in air, there was no re-
agglomerated TBBS in the rubber and the rubber surface was free from 
blooming. This was because most of the TBBS reacted during curing and 
there was very little of it left in the rubber to re-agglomerate or migrate to the 
rubber surface.   
3. The mechanical properties of the rubber vulcanisate with TBBS/ZnO ratio at 
6/0.3, cured at 85oC and cooled in air were generally better in the absence of 
re-agglomeration of the TBBS in the rubber although there was migration of 
the TBBS to the rubber surface.   
4. When the TBBS/ZnO ratio was reduced to 3/2.5, both re-agglomeration and 
migration of TBBS disappeared but the mechanical properties still remain 
inferior.   
5. For the rubber compound with TBBS/ZnO ratio of 6/0.3, the cyclic fatigue life 
of the rubber vulcanisate increased when the extent of the migration of TBBS 
to the rubber surfaces was reduced. There was also some improvement in the 
properties in the absence of agglomeration of TBBS in the rubber.  
6. For the rubber compound with TBBS/ZnO ratio of 3/2.5, the cyclic fatigue life 
was longer than those reported for the rubber compound with TBBS/ZnO ratio 
of 6/0.3.  This was due to the absence of re-agglomeration and migration of 
TBBS to the rubber surface.    
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Chapter	8	
8 Two advanced styrene-butadiene/Polybutadiene rubber 
blends filled with a silanised silica nanofiller for 
potential use in passenger car tyre tread 
 
8.1 Introduction 
The invention of wheel almost fifty five hundred years ago has been one of the 
greatest achievements of mankind. The wheel is used on cars, planes and farm 
equipment. Outer rim of the wheel is attached to a flexible compressed gas container 
called pneumatic tyre. The primary function of a tyre is to provide passenger comfort, 
fatigue and shock reduction within vehicles with the provision of reliable, easy to 
operate control mechanism to steer the vehicle [1]. The first air filled pneumatic tyre 
was patented in 1888 with a specific aim to replace hard rubber tyres and provide a 
smooth and high speed ride for cyclists. Eventually, car tyres were invented but the 
early ones lasted up to 40 miles on average before repair or replacement was 
needed. Indeed, car tyres have come a long way and this was mainly due to the 
brilliance of rubber scientists and technologists who used chemical ingredients such 
as processing aids, accelerators, activators, fillers, and antidegradants to improve 
the processing and mechanical properties of rubber compounds for tyre applications. 
A great deal is also owed to tyre manufacturers who developed more efficient and 
refined tyre testing procedures and advanced technology. A typical passenger car 
tyre composition is given in Fig. 8.1. The major portion of a car tyre is the tread 
which always remains in contact with the road. The safety and comfort of a drive 
depends mainly on the quality of the tread.  
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Figure  8.1: A typical passenger car tyre composition [2]. 
To improve the mechanical properties of rubbers for example hardness, tear 
strength, tensile strength and elongation at break, fillers with surface areas from 150 
to 400 m2/g such as colloidal carbon blacks [3,4], synthetic silicas [5,6], organoclays 
[7], and metal oxides [8] are added. In addition to filler, compounds used to 
manufacture industrial rubber articles such as passenger car tyre tread contain up to 
eight classes of rubber chemicals. For instance, the cure system consists of up to 
five different chemicals; primary and secondary accelerators, primary and secondary 
activators and elemental sulphur, which may add up to 11 parts per hundred rubber 
by weight (phr) [9]. Antidegradants and processing aids are also included to protect 
the rubber against environmental ageing and to improve processing properties, 
respectively. 
Fillers and curing chemicals perform two distinct functions in rubber compounds. 
Fillers increase the mechanical properties [4,6,10,11] and curing chemicals produce 
crosslinks between the rubber chains at elevated temperatures, i.e. 140-240oC 
[12,13]. Synthetic precipitated amorphous white silica filler is replacing carbon blacks 
in some applications such as tyre tread compounds. This filler has silanol or hydroxyl 
groups on its surfaces which make it acidic [14] and moisture adsorbing [15]. Acidity 
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and moisture are both detrimental to the cure of rubber compounds [16] and can also 
cause loss of crosslink density in sulphur-cured rubbers [6]. Furthermore, when a 
large amount of silica is added, processing becomes more difficult because the 
rubber viscosity increases significantly [17]. Bifunctional organosilanes such as 
bis(3-triethoxysilylpropyl)-tetrasulphane (TESPT) are used to enhance the reinforcing 
capability of fillers with silanol groups on their surfaces, such as precipitated silicas, 
and also forms an integral part of the cure systems to improve the cross-linking 
network properties [16]. TESPT combines silica and sulphur into one single product 
known as a “crosslinking filler” [18]. One such filler is silanised silica where the 
surfaces of precipitated silica are pre-treated with TESPT to chemically bond silica to 
rubber (Fig. 8.2) and to prevent the filler from interfering with the reaction mechanism 
of sulphur-cure in rubber [6]. 
 
Figure  8.2: Crosslinking of silanised silica to rubber by activating tetrasulphane group 
of TESPT. 
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Using a precipitated silica filler pre-treated with TESPT, a substantial reduction in the 
use of the curing chemicals was achieved in natural rubber (NR) [19], styrene-
butadiene rubber (SBR) [20], polybutadiene rubber (BR) [21], and nitrile rubber 
(NBR) [22] without compromising the good mechanical properties of the rubber 
vulcanisates. To crosslink the rubber and optimise the chemical bonding between 
the rubber and filler via TESPT, accelerators and activators were added. The 
mechanical properties of the cured rubbers were improved significantly in spite of 
reducing the amount of the curing chemicals. 
The aim of this work was to develop two styrene-butadiene/polybutadiene rubber 
blends (75:25 by mass) for potential use in passenger car tyre tread applications. 
The mass fraction of SBR with respect to BR in some passenger tyre-tread 
compounds is 75:25. The blends were reinforced and crosslinked with a high loading 
of a silanised silica nanofiller, and the chemical bonding between the rubber and filler 
was optimised by adding sulphenamide and thiuram accelerators and zinc oxide 
activator. The hardness, tensile strength, elongation at break, stored energy density 
at break, tear strength, Young’s modulus, modulus at different strain amplitudes, 
bound rubber, cyclic fatigue life, heat build-up, abrasion resistance, glass transition 
temperature, and tan δ of the blends were measured. 
8.2 Experimental 
8.2.1 Materials 
The raw elastomers used were a styrene-butadiene rubber (SBR) (23.5 wt % 
styrene;  Intol 1712, Polimeri Europa UK Ltd., Hythe, UK) and high-cis polybutadiene 
rubber (BR) (96% 1,4-cis; Buna CB 24 Bayer, Bayer, Newbury, UK; not oil 
extended). SBR Intol 1712 is a cold emulsion co-polymer, polymerized using a 
mixture of fatty acid and rosin acid soaps as emulsifiers. It is extended with 37.5 phr 
of highly aromatic oil and contains a styrenated phenol as a non-staining anti-
oxidant. It has approximately 4.8% by weight organic acid.  
The reinforcing filler was Coupsil 8113, which was supplied by Evonik Industries AG 
of Germany. Coupsil 8113 is a precipitated amorphous white silica-type Ultrasil VN3 
surfaces of which had been pre-treated with TESPT. It has 11.3% by weight silane, 
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2.5% by weight sulphur (included in TESPT), a 175 m2/g surface area (measured by 
N2 adsorption) and a 20-54 nm particle size.  
In addition to the raw rubbers and filler, the other ingredients were N-tert-butyl-2-
benzothiazole sulphenamide (a safe-processing delayed action non-sulphur donor 
accelerator with a melting point of 105oC) (Santocure TBBS, Flexsys, Dallas, TX), 
Tetramethyl thiuram disulphide (a fast curing sulphur-donor accelerator with  13% 
of the sulphur available to react with rubber and a melting point of 146oC) (Perkacit 
TMTD PDR D, Flexsys, Belgium, Europe), zinc oxide (ZnO; an activator, Harcros 
Durham Chemicals, Durham, UK), N-(1,3-dimethylbutyl)-N-phenyl-p-
phenylenediamine (an antidegradant, Santoflex-13, Brussels, Belgium), and heavy 
paraffinic distillate solvent extract aromatic oil (a processing oil, Enerflex 74, Milton 
Keynes, UK).  
The SBR and BR rubber compounds and rubber blends were cured via the rubber 
reactive tetrasulphane groups of TESPT. TBBS and TMTD accelerators and zinc 
oxide were added to maximise the chemical bonding between the filler and rubber 
and fully cure the rubber blends. Processing oil was also incorporated into the rubber 
blends to reduce the rubber viscosity and antidegradant to protect the blend rubber 
against environmental ageing. 
8.2.2 Mixing 
The rubber compounds were prepared in a Haake Rheocord 90 (Berlin, Germany), a 
small size laboratory mixer with counter rotating Banbury rotors. In these 
experiments, the Banbury rotors and the mixing chamber were initially set at ambient 
temperature (23oC) and the rotor speed was set at 45 r.p.m. The volume of the 
mixing chamber was 78 cm3, and it was 57% full during mixing. Polylab monitor 4.17 
was used for controlling the mixing condition and storing data.  
To prepare the SBR compounds, SBR and silanised silica were added in the mixer 
and mixed for 4 min. TBBS, TMTD and ZnO were added 4 min after the filler and 
rubber were mixed together, and mixing continued subsequently for another 6 min 
before the compounds were removed from the mixer. The SBR compounds with the 
processing oil were made in the same way and the processing oil was added to the 
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rubber at the start of mixing. For making the BR compounds, the filler and rubber 
were mixed together for 10 min and then TBBS, TMTD and ZnO were added and 
mixed for another 6 min. In total, 45 SBR and BR rubber compounds were made.  
To make the SBR/BR rubber blends, SBR was mixed with the processing oil for 2 
min and then BR was added and mixed for 1 min. Silica was subsequently added 
and mixed for 3 min after which, TBBS, ZnO, TMTD, and antidegradant were 
incorporated and mixed for another 6 min before the compounds were removed from 
the mixer. Temperature of the rubber compounds reached 53oC during mixing. 
Before the curing chemicals were added, the rotors were stopped and the rubber 
compounds were cooled down to below 50oC to avoid pre-scorch during the 
subsequent mixing. Finally, when mixing ended, the rubber compounds were 
removed from the mixer and milled to a thickness of 6-8 mm for further work. The 
compounds were stored at ambient temperature (21 ± 2oC) for at least 24 h before 
their viscosity and cure properties were measured. 
8.2.3 Addition of TBBS to the silanised silica-filled SBR and BR rubbers 
Accelerators were added to control the onset and rate of cure as well as crosslink 
density of the rubbers. To activate the rubber reactive tetrasulphane groups of 
TESPT, TBBS was added. The loading of TBBS in the silica-filled SBR rubber was 
increased progressively to 9 phr to measure the minimum amount needed to 
optimise ∆torque (an indication of crosslink density changes in the rubber) and the 
chemical bonding or crosslinking between the rubber and filler via TESPT. The 
minimum amount of TBBS measured for the silica-filled SBR rubber was 
subsequently added to the silica-filled BR rubber. The formation of crosslinks 
strengthened the rubber/TESPT interaction [6]. In total, 7 compounds were made 
(compounds 1-7; Table 8.1). 
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Table  8.1: Formulation of silica filled SBR with an increasing loading of TBBS. 
 Compound No. 
 1 2 3 4 5 6 7 
SBR (Intol 1712) (phr) 100 100 100 100 100 100 100 
Silanised silica (phr) 60 60 60 60 60 60 60 
TBBS (phr) 0.5 1.5 3.0 4.5 6.0 7.5 9.0 
 
8.2.4 Addition of zinc oxide to the silanised silica-filled SBR and BR rubbers 
with TBBS 
Zinc oxide was added to enhance the effectiveness of TBBS during the curing 
reaction in the rubbers. The loading of ZnO in the silica-filled SBR and BR rubbers 
with TBBS was raised to 2.5 phr to determine the minimum amount needed to 
maximise ∆torque and the efficiency of TBBS and cure. In total, 18 compounds were 
made (compounds 8-14; Tables 8.2 and compounds 15-25; Table 8.3). 
 
Table  8.2: Formulation of silica filled SBR having 3phr TBBS with an increasing 
loading of ZnO. 
 Compound No. 
 8 9 10 11 12 13 14 
SBR (Intol 1712) (phr) 100 100 100 100 100 100 100 
Silanised silica (phr) 60 60 60 60 60 60 60 
TBBS (phr) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 
ZnO (phr) 0 0.3 0.5 1.0 1.5 2.0 2.5 
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Table  8.3: Formulation of silica-filled BR with 3phr TBBS with an increasing loading 
of ZnO. 
 Compound No. 
 15 16 17 18 19 20 21 22 23 24 25 
BR (Buna CB 
24) (phr) 
100 100 100 100 100 100 100 100 100 100 100
Silanised silica 
(phr) 
60 60 60 60 60 60 60 60 60 60 60 
TBBS (phr) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 
ZnO (phr) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.8 1.0 1.5 2.0 
 
8.2.5 Addition of TMTD to the silanised silica-filled SBR and BR rubbers 
To activate the rubber reactive tetrasulphane groups of TESPT, TMTD was added. 
The loading of TMTD in the silica-filled SBR rubber was increased progressively to 
8.5 phr to measure the minimum amount needed to optimise ∆torque and the 
chemical bonding between the rubber and TESPT. The minimum amount of TMTD 
measured for the silica-filled SBR rubber was then included in the silica-filled BR 
rubber. In total, 6 compounds were made (compounds 26-31; Table 8.4) 
 
Table  8.4: Formulation of silica filled SBR with an increasing loading of TMTD. 
 Compound No. 
 26 27 28 29 30 31 
SBR (Intol 1712) (phr) 100 100 100 100 100 100 
Silanised silica (phr) 60 60 60 60 60 60 
TMTD (phr) 0.5 2.0 3.5 5.0 7.0 8.5 
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8.2.6 Addition of zinc oxide to the silanized silica-filled SBR and BR rubbers 
with TMTD 
The loading of zinc oxide in the silica-filled SBR and silica-filled BR rubbers with 
TMTD was raised to 2.5 phr to determine the minimum amount needed to maximise 
∆torque and the efficiency of TMTD and cure. In total, 10 compounds were made 
(compounds 32-41; Table 8.5). 
 
Table  8.5: Formulation of silica filled BR having 5phr TMTD with an increasing 
loading of ZnO. 
 Compound No. 
 32 33 34 35 36 37 38 39 40 41 
SBR (Intol 
1712) (phr) 
100 100 100 100 100 100 100 100 - - 
BR (Buna CB 
24) (phr) 
- - - - - - - - 100 100
Silanised silica 
(phr) 
60 60 60 60 60 60 60 60 60 60 
TMTD (phr) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
ZnO (phr) 0 0.13 0.3 0.5 1.0 1.5 2.0 2.5 0 0.1 
 
8.2.7 Effect of the processing oil on the cure properties of the silica-filled SBR 
rubber with TMTD 
To assess effect of the processing oil on the cure properties of the silanised silica- 
filled SBR with 5 phr TMTD, 4 compounds were made. The loading of the processing 
oil was increased from 0 phr to 15 phr (compounds 42-45; Table 8.6). 
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Table  8.6: Formulation of the silica-filled SBR with 5 phr TMTD with an increasing 
loading of processing oil. 
 Compound No. 
 42 43 44 45 
SBR (Intol 1712) (phr) 100 100 100 100 
Silanised silica (phr) 60 60 60 60 
TMTD (phr) 0.5 2.0 3.5 5.0 
Enerflex 74 (phr) 0 5 10 15 
 
8.2.8 Viscosity of the rubber compounds and rubber blends  
The viscosity of the rubber compounds was measured at 100oC in a single-speed 
rotational Mooney viscometer (Wallace Instruments, Surrey, UK) according to a 
British Standard [23]. Experiments were performed using a large rotor and ran for 4 
minutes with a pre-heat time of 1 minute. Prescott instruments labline software 
version 2.0.10.12 was used for storing the data. The results were expressed in 
Mooney Units (MU). 
8.2.9 Cure properties of the rubber compounds 
The scorch time, ts2, which is the time for the onset of cure, and the optimum cure 
time, t95, which is the time for the completion of cure, were determined from the cure 
traces generated at 140± 2oC and 170 ± 2oC by an oscillating disc rheometer (ODR) 
(Monsanto, Swindon, UK).  The data was stored using Prescott instruments labline 
software version 2.0.10.12. Tests were performed at angular displacement of 3o and 
1.7 Hz frequency [24].  
The cure rate index, which is a measure of the rate of cure in the rubber, was 
calculated using the method described previously [25]. The rheometer tests ran for 
up to 2 h to produce cure traces from which ∆torque (an indication of crosslink 
density changes in the rubber) was measured.  ∆Torque was subsequently plotted 
against the loading of TBBS, ZnO and TMTD. 
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8.2.10  Curing of the rubber compounds and SBR/BR rubber blends  
The rubber compounds and SBR/BR rubber blends were cured in a compression 
mould with a pressure of 11 MPa. Pieces of rubber, each approximately 140 g in 
weight, were cut from the milled sheet 6 mm thick. Each piece was placed in the 
centre of the mould to enable it to flow in all the directions when pressure was 
applied and prevent anisotropy from forming in the cured rubbers. 
For determining the tensile properties, tear strength, Young’s modulus, modulus at 
different strain amplitudes, cyclic fatigue life and tan δ of the rubbers, sheets 23 cm 
by 23 cm by approximately 2.7 mm thick were cured at 170 ± 2oC, from which 
various samples for further tests were cut. For measuring the abrasion resistance 
and bound rubber content, cylindrical samples 16 mm in diameter and 8 mm in 
height were cured at 170 ± 2oC. For the hardness determination, cylindrical samples 
29 mm in diameter and 13 mm in height, and for the heat build-up, samples 17 mm 
in diameter and 25 mm in height were cured at 140 ± 2oC. The bigger samples were 
cured at a lower temperature to ensure full cure in the centre of the rubber. 
8.2.11 Bound rubber content of the SBR/BR rubber blends  
The solvent used for the swelling tests and bound rubber determination was toluene. 
For the determination, the samples were placed individually in 100 ml of the solvent 
in labelled bottles and allowed to swell for up to 18 days at ambient temperature 
(21±2oC). The weight of the samples was measured every day until they reached 
equilibrium. It took up to 4 days for the rubber samples to reach equilibrium. The 
solvent was removed after this time elapsed, and the samples were dried in air for 9 
h. The samples were subsequently dried in an oven at 85oC for 24 h and allowed to 
stand for an extra 24 h at ambient temperature before they were re-weighed. The 
bound rubber was then calculated using the following expression [26]. 
ܴ஻ ൌ 	
௙ܹ೒ െܹ	 ቈ
݉௙
൫݉௙ ൅ ݉௣൯቉
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	ൈ 100																	ሺ8.1ሻ			 
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where RB is the bound rubber content, Wfg the weight of silica and gel, mf the weight 
of the filler in the compound, mp the weight of the polymer in the compound, and W 
the weight of the specimen. 
8.2.12 Hardness of the SBR/BR rubber blends  
A durometer hardness tester Shore A (The Wallace Instruments, Surrey, UK) was 
used for measuring the hardness of the vulcanisates. Cylindrical samples 12 mm 
thick and 28 mm in diameter were cured and used for this test at ambient 
temperature 20 ± 2oC. Samples were placed in the durometer for a 15-second 
interval and a final reading was taken after this time elapsed. Tests were repeated at 
three different positions on each sample and the median of the three readings was 
subsequently indicated [27].  
8.2.13   Cohesive tear strength and tensile properties of the SBR/BR rubber 
blends  
The tear tests were performed at an angle of 180o, at ambient temperature (20±2oC) 
and at a constant cross-head speed of 50 mm/min [28] in a Lloyd mechanical testing 
machine (Hampshire, UK) using trouser test pieces. In each experiment, the tearing 
force was recorded to produce traces from which an average force was measured. 
For each rubber, five test pieces were used. After these measurements were 
completed, the average force values were used to calculate tearing energies, T, for 
the rubbers. [29] The median values of the tearing energies were subsequently 
noted.  
The Young’s modulus, tensile strength, elongation at break, stored energy density at 
break, and modulus at different strain amplitudes of the rubber vulcanisates were 
determined in uniaxial tension in a  Lloyd testing machine LR50K (Hampshire, UK) 
with dumbbell test-pieces 75 mm long with a central neck 25 mm long and 3.6 mm 
wide. The test-pieces were die-stamped from about 2.7 mm thick sheet of 
vulcanisates. The tests were performed at crosshead speed of 50 mm/min at 
ambient temperature (20 ± 2oC). For each rubber, three test pieces were fractured, 
and the median of the three values was subsequently noted [30]. Lloyd Nexygen 
4.5.1 software was used for storing and processing the data. 
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8.2.14 Measurement of the cyclic fatigue life of the SBR/BR rubber blends  
The cyclic fatigue life (the number of cycles to failure), N, of the SBR/BR rubber 
blends was measured in uniaxial tension in a Hampden dynamic testing machine 
(Northampton, UK), with standard dumbbell test pieces. The test pieces were die-
stamped from the sheets of cured rubber. The tests were performed at a constant 
maximum deflection of 100% (the central neck was stretched to 50 mm) and a test 
frequency of 1.4 Hz. The test temperature was 21± 2oC, and the strain on each test 
piece was relaxed to zero at the end of each cycle [31]. 
In addition to the low frequency cyclic fatigue tests at 1.4 Hz, high frequency tests    
were also performed at 25 Hz on the SBR/BR rubber blends using the Deltalab-
Nene’s servo-hydraulic testing machine  (Deltalab- Nene Ltd, Northants, UK). The 
dumbbell test pieces which were use for the high frequency tests were of 10 mm 
gauge length and 1.9 mm width. The samples were initially strained to 150% and 
then the strain increased to 350% during the tests. These tests were carried out at 
the DTR VMS Ltd. laboratories. 
8.2.15 Abrasion resistance and heat build-up of the SBR/BR rubber blends 
The abrasion resistance of the cured SBR/Br rubber blends was measured 
according to a British Standard [32] and was expressed as abrasion resistance index 
(ARI). An index value of greater than 100% indicated that the test compound was 
more resistance to abrasion than the standard rubber under the conditions of the 
test. The heat build-up of the rubber compounds was determined using cylindrical 
test pieces and the temperature rise on the inside and on the surface of the test 
pieces were measured [33]. These tests were performed at the Korea Institute of 
Footware & Leather Technology.   
8.2.16 Measurement of the glass transition temperature of raw SRB, BR and 
SBR/BR rubber blends 
A modulated-temperature differential scanning calorimeter (model 2920, TA 
Instruments, New Castle, DE) was used to measure the glass transition temperature, 
Tg, of the pure BR and SBR rubbers and the SBR/BR rubber blends. An oscillation 
amplitude of 1oC and a period of 60 s were used throughout the investigations, which 
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were conducted at a heating rate of 3oC/min. TA Instruments Graphware software 
was used to measure the heat flow and heat capacity. The calorimeter was 
calibrated with indium standards. Both temperature and baseline were calibrated as 
for conventional DSC. A standard aluminium pan and lid were used and samples of 
rubber approximately 9-10 mg in weight were placed in the pan at ambient 
temperature and the lid was subsequently closed under some nominal pressure. The 
assembly was placed in the chamber of the calorimeter and the temperature was 
lowered to -140oC with the flow of liquid nitrogen. Nitrogen gas was also used with a 
flow rate of 35 ml/min as a medium. 
8.2.17 Dynamic mechanical properties of the SBR/BR rubber blends  
Tan δ is the ratio between loss modulus and elastic modulus. The loss modulus 
represents the viscous component of modulus and includes all the energy dissipation 
processes during dynamic strain. The elastic modulus, loss modulus, and tan δ were 
measured in DMAQ800 model CFL- 50 (TA Instruments, USA), using Universal 
Analysis 2000 Software Version 4.3A. Test pieces, 35 mm long, 10 mm wide and 
approximately 2.70 mm thick were used. The tests were performed at 1, 10 and 100 
Hz frequencies. The samples were deflected by 256 μm (nominal peak to peak 
displacement) during the test, and the sample temperature was raised from -140oC 
to 120oC at 3oC/min steps. 
8.3 Results and discussion 
8.3.1 Effect of TBBS and ZnO on the Δtorque of the silica-filled SBR and BR 
rubber compounds and preparation of the SBR/BR rubber blends  
Before the SBR/BR rubber blends were made, two SBR and BR rubber compounds 
were prepared. The loading of TBBS in the SBR rubber with 60 phr silanised silica 
was increased progressively to 9 phr, and the rubber compounds were tested in the 
ODR at 140oC to produce cure traces from which torque was calculated (Table 
8.7). The torque values were then plotted against the loading of TBBS to measure 
the minimum amount of TBBS needed to cure the rubber.  
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Table  8.7: ODR test results of the silica filled SBR rubber with an increasing loading 
of TBBS. 
 Compound No. 
 1 2 3 4 5 6 7 
TBBS (phr) 0.5 1.5 3.0 4.5 6.0 7.5 9.0 
ODR results 
Minimum torque (dN m)  26 27 22 21 18 18 17 
Maximum torque (dN m) 34 43 44 46 43 47 43 
∆torque (dN m) 8 16 22 25 25 29 26 
Formulation: SBR 100 phr, silanised silica 60 phr 
Figure 8.3 shows ∆torque as a function of TBBS loading for the silica-filled SBR. 
∆torque increased to 22 dN m as the loading of TBBS was raised to 3 phr. Further 
increases to 9 phr had a lesser effect on the ∆torque value, which rose to 26 dN m. 
Evidently, 3 phr was sufficient to activate the rubber reactive tetrasulphane groups of 
TESPT and form crosslinks between the rubber and filler. 3 phr TBBS was 
subsequently added to the silica-filled BR rubber compound. 
 
Figure  8.3: ∆torque versus TBBS loading for the silica-filled SBR rubber. 
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To enhance the crosslink density of the silica-filled SBR rubber compound with 3 phr 
TBBS, ZnO was added (Table 8.8). ∆torque increased to 57 dN m when 0.5 phr ZnO 
was incorporated in the rubber and showed only a slight improvement to 64 dN m 
thereafter when an extra 2 phr ZnO was added (Fig. 8.4). 
Table  8.8: ODR test results of the silica filled SBR with 3phr TBBS and an increasing 
loading of ZnO. 
 Compound No. 
 8 9 10 11 12 13 14 
ZnO (phr) 0 0.3 0.5 1.0 1.5 2.0 2.5 
ODR results 
Minimum torque (dN m)  22 26 24 22 20 18 19 
Maximum torque (dN m) 44 69 81 85 82 80 83 
∆torque (dN m) 22 43 57 63 62 62 64 
Formulation: SBR 100 phr, Silanised silica 60 phr, TBBS 3 phr 
 
 
Figure  8.4: ∆torque versus ZnO loading. (•), silica-filled SBR rubber with 3 phr 
TBBS; (■), silica-filled BR rubber with 3 phr TBBS. 
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Similarly, after 3 phr TBBS was added to the BR rubber with 60 phr silanised silica, 
the loading of ZnO was raised to 2 phr to measure the minimum amount of ZnO 
needed to maximise the efficiency of the TBBS. The results from the cure tests are 
summarised in Table 8.9. The torque values were then plotted against the loading 
of ZnO in Figure 8.4. ∆torque increased to 80 dN m with 0.2 phr ZnO and showed no 
further improvement when another 1.8 phr ZnO was included in the rubber. It was 
concluded that 0.2 phr ZnO was sufficient to optimise the efficiency of TBBS in the 
rubber. 
Table  8.9: ODR test results of the silica filled BR with 3phr TBBS and an increasing 
loading of ZnO. 
 Compound No. 
 15 16 17 18 19 20 21 22 23 24 25 
ZnO (phr) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.8 1.0 1.5 2.0 
ODR results  
Minimum torque 
(dN m)  
53 52 49 53 50 61 58 55 51 52 50 
Maximum torque 
(dN m) 
106 125 129 131 131 138 138 133 140 131 129
∆torque (dN m) 52 73 80 78 81 77 80 78 89 79 79 
Formulation: BR 100 phr, Silanised silica 60 phr, TBBS 3 phr 
8.3.2 Effect of TMTD and ZnO on the Δtorque of the silanised silica-filled SBR 
and BR rubber compounds 
To activate the rubber reactive tetrasulphane groups of TESPT in the SBR and BR 
compounds, TMTD accelerator was used. The loading of TMTD in the silica–filled 
SBR was raised to 8.5 phr (Table 8.10). Figure 8.5 shows ∆torque against the 
loading of TMTD for the silica-filled SBR compound. ∆torque increased sharply to 53 
dN m when 5 phr TMTD was added and then, it continued rising at a much slower 
rate to 67 dN m when the loading of TMTD reached 8.5 phr. Apparently, 5 phr TMTD 
was sufficient to activate the rubber reactive tetrasulphane groups of TESPT and 
cure the rubber. 5 phr TMTD was subsequently mixed with the silica-filled BR rubber 
compound. 
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Table  8.10: ODR results of silica filled SBR with an increasing loading of TMTD. 
 Compound No. 
 26 27 28 29 30 31 
TMTD (phr) 0.5 2.0 3.5 5.0 7.0 8.5 
ODR results 
Minimum torque (dN m)  29 27 25 24 23 22 
Maximum torque (dN m) 39 45 67 78 83 89 
∆torque (dN m) 10 18 42 54 60 67 
Formulation: SBR 100 phr, Silanised silica 60 phr 
 
 
Figure  8.5: ∆torque versus TMTD loading for silica-filled SBR. 
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To improve the efficiency of TMTD, ZnO was mixed with the silica-filled SBR and BR 
rubber compounds. The amount of ZnO in the silica-filled SBR rubber was raised to 
2.5 phr and in the silica-filled BR rubber to 0.1 phr (Table 8.11).   
Table  8.11: Formulation of the silica-filled BR with 5phr TMTD with an increasing 
loading of ZnO. 
 Compound No. 
 32 33 34 35 36 37 38 39 40* 41* 
ZnO (phr) 0 0.13 0.3 0.5 1.0 1.5 2.0 2.5 0 0.1 
ODR results 
Minimum torque 
(dN m)  
24 29 31 32 30 28 29 23 51 66 
Maximum torque 
(dN m) 
78 124 142 150 157 167 167 165 133 197
∆torque (dN m) 54 95 111 118 127 139 138 142 82 131
Formulations:Compounds 32 - 39: SBR 100 phr, Silanised silica 60 phr, TMTD 5 phr. 
Compound 40* & 41*:  BR 100 phr, Silanised silica 60 phr, TMTD 5 phr. 
The ∆torque of the silica-filled SBR compound with 5 phr TMTD increased rapidly to 
111 dN m after 0.3 phr ZnO was added, and it continued rising to 142 dN m as the 
loading of ZnO was raised to 2.5 phr. It appeared that 0.3 phr ZnO was sufficient to 
maximise the efficiency of TMTD in the rubber. Similarly, the ∆torque of the silica-
filled BR compound with 5 phr TMTD rose from 82 dN m to to 131 dN m with 0.1 phr 
ZnO, and no more ZnO was added because it would have made the rubber too 
brittle (Fig. 8.6). 
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Figure  8.6: ∆torque versus ZnO loading. (•), silica-filled SBR rubber with 5 phr 
TMTD; (♦), silica-filled BR rubber with 5 phr TMTD. 
 
8.3.3 Effect of processing oil on the cure properties of the silica-filled SBR 
rubber with 5 phr TMTD 
Aromatic oils are often added as processing aid to reduce viscosity and increase 
processibility of rubber compounds. Passenger car tyre tread compounds can 
contain up to 37 phr processing oil [34]. Previous studies [35] showed that adding up 
to 10 phr processing oil had no adverse effect on the scorch and optimum cure times 
of a sulphur-cured SBR rubber but ∆torque reduced when the loading of the oil was 
increased in the rubber. To assess effect of the processing oil on the cure properties 
of the silica-filled SBR rubber compound with 5 phr TMTD, the loading of the oil was 
raised to 15 phr. The scorch and optimum cure times increased by approximately 
60% and 54%, respectively, and the cure rate index decreased by 35%. This was in 
contrast to what was reported previously [35]. However, the addition of the oil did 
have a detrimental effect on ∆torque, which dropped by 43%. This indicated a 
significant reduction in the crosslink density of the rubber (Table 8.12). 
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Table  8.12: ODR test results of the silica-filled SBR with 5 phr TMTD and an 
increasing loading of processing oil. 
 Compound No. 
 42 43 44 45 
Enerflex 74 (phr) 0 5 10 15 
ODR results 
Minimum torque (dN m)  29 27 23 18 
Maximum torque (dN m) 78 76 58 46 
∆torque (dN m) 49 49 35 28 
Scorch time ts2 (min) 10 10 14 16 
Optimum cure time t95 (min) 61 58 83 94 
Cure rate index (min-1) 2.0 2.1 1.5 1.3 
Formulation: SBR 100 phr, silanised silica 60 phr, TMTD 5 phr 
 
8.3.4 Two SBR/BR blends cured with TBBS, TMTD and ZnO  
After the optimum amounts of TBBS and TMTD accelerators and ZnO activator were 
measured for the silica-filled SBR and BR rubber compounds, two SBR/BR rubber 
blends having 75/25 weight ratio were prepared. Compound 46 was prepared by 
adding 60 phr of silanised silica, 3 phr TBBS, 0.5 phr ZnO, 7.5 phr processing oil, 
and 1 phr of antidegradant and compound 47, by adding 5 phr TMTD, 7.5 phr 
processing oil and 1 phr antidegradant (Table 8.13).  
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Table  8.13: Formulation of SBR/BR rubber blends. 
 Compound 
 46 47 
SBR (Intol 1712) (phr) 75 75 
BR (Buna CB 24) (phr) 25 25 
Silanised silica (phr) 60 60 
TMTD (phr) - 5 
TBBS (phr) 3 - 
ZnO (phr) 0.5 - 
Enerflex 74 (phr) 7.5 7.5 
Santoflex-13 1 1 
 
8.3.5 Viscosity and cure properties of the SBR/BR rubber blends 
To optimise the reinforcing effect of the filler on the mechanical properties of the 
vulcanisates, it was essential to disperse the filler particles well in the rubber [36]. 
The BR and SBR compounds were mixed for 16 and 10 min, respectively, in order to 
achieve good dispersion of the silica particles. However, long mixing times, for 
example 10 min, breaks down the rubber and causes reduction in its molecular 
weight [37] and viscosity [38]. The reduction is due to chain scission, or, the 
mechanical rupture of the primary carbon-carbon bonds that are present along the 
backbone of the rubber chains [39]. This is often compensated by the reinforcing 
effect of the filler. Figure 8.7 shows the dispersion of the filler in SBR/BR blend with 
TMTD. 
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Figure  8.7: SEM photograph showing the dispersion of silica particles in compound 
47. 
The addition of silica, TBBS, TMTD, ZnO, antidegradant and processing oil 
increased the viscosity of the raw SBR/BR rubber blend from 40 MU to 98 MU for 
compound 46 and 84 MU for compound 47 (Table 8.14). Note that both compounds 
had similar glass transition temperatures around - 80oC (Table 8.14). Fillers increase 
rubber viscosity because of the formation of bound rubber [26]. The bound rubber 
content of compounds 46 and 47 was 69 % (Table 8.14), and this indicated a high 
level of rubber-filler interaction. It is known that bound rubber forms during mixing 
while filler dispersion occurs [40] and increases as a function of mixing temperature 
[41], mixing time [42], and storage time [43]. Since the mixing time was 12 min for 
compounds 46 and 47, and the temperature rose to 53oC during mixing, bound 
rubber formed. Furthermore, the rubber blends were stored at ambient temperature 
(21±2oC) for 3-4 days before they were cured and one week after they were cured. 
Silica particle 
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This also helped to increase the bound rubber, which reinforced the mechanical 
properties of the rubber blends.  
Table  8.14: Mooney viscosity, glass transition temperature and bound rubber content 
of the raw rubbers and SBR/BR rubber blends. 
Rubber  
Mooney viscosity 
(MU) 
Glass transition 
temperature (oC) 
Bound rubber 
content (%) 
SBR 52 -50 - 
BR 49 -107 - 
Pure SBR/BR blend 40 - - 
Compound 46 98 -79 69 
Compound 47 84 -80 69 
 
Table  8.15: Cure properties of SBR/BR rubber blends. 
 Compound 
 46 47 
ODR results at 140 oC 
Minimum torque (dN m)  22 24 
Maximum torque (dN m) 80 90 
∆torque (dN m) 58 66 
Scorch time ts2 (min) 19 7 
Optimum cure time t95 (min) 65 55 
Cure rate index (min-1) 2.2 2.1 
ODR results at 170 oC 
Minimum torque (dN m)  20 20 
Maximum torque (dN m) 72 67 
∆torque (dN m) 52 47 
Scorch time ts2 (min) 4 2 
Optimum cure time t95 (min) 13 9 
Cure rate index (min-1) 11 14.3 
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The cure properties of the two blends were measured at 140 ± 2oC and 170 ± 2oC.  
Compound 47 had shorter scorch and optimum cure times. The cure rate indices 
were almost the same at about 2.1 min-1. TBBS is a delayed action accelerator, 
which explained the long cure cycle of compound 46, Whereas, TMTD is a fast 
curing accelerator, which explained the shorter cure cycle of compound 47 (Table 
8.15).  
8.3.6 Mechanical properties of the cured SBR/BR rubber blends 
The mechanical properties of the SBR/BR rubber blends are summarised in Table 
8.16. With the exception of the hardness and tearing energy, the remaining 
properties of compound 46 were noticeably better than those of compound 47. For 
example, tensile strength, elongation at break, and stored energy density at break 
were higher by approximately 46%, 6% and 45%, respectively. The Young’s 
modulus was the same for both compounds at 4 MPa. The modulus of compound 46 
was 13-25% higher as the strain amplitude on the rubber was increased from 50 to 
300%, respectively. The properties which are of significant importance to tyre tread 
performance were also superior for compound 46. For instance, the heat build-up 
tests measured internal and surface temperatures of 148.7oC and 85.7oC, 
respectively, for compound 46, which were almost 8% lower than those measured 
for compound 47. Probably, the most interesting result was for the abrasion 
resistance index of compound 46. It was 34% higher than that of compound 47 and 
this indicated a much better resistance to abrasion. The cyclic fatigue life of both 
compounds at 1.4 Hz frequency and 100% strain amplitude exceeded 1000 kc. The 
cyclic fatigue life of compound 46 measured at 25 Hz frequency, maximum strain 
amplitude of 350% and minimum strain amplitude of 150% was 4321 kc, which was 
higher than that of compound 47 (Table 8.16).  
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Table  8.16: Mechanical properties of the SBR/BR rubber blends. 
 Compound 
 46 47 
Mechanical properties 
Hardness (Shore A) 66 69 
Young modulus (MPa) 4 4 
Modulus at different strain 
amplitudes (MPa) 
  
50 1.6 1.4 
100 1.7 1.4 
200 1.9 1.4 
300 2.0 1.5 
   
Tensile strength (MPa) 26 14 
Elongation at break (%) 1030 968 
Stored energy density at break 
(MJ/m3) 
121 67 
Tearing energy (kJ/m2) 36.5 86 
Ranges of values 32-38 58-103 
Cyclic fatigue life at 1.4Hz and 
100% strain (kc) 
>1000 >1000 
Cyclic fatigue life at 2.5Hz 
and 350% maximum strain 
(kc) 
4321 3107 
Heat build-up and abrasion resistance 
Internal temperature (oC) 148.7 161 
Surface temperature (oC) 85.7 92.3 
Abrasion resistance index (%) 230 151 
 The high frequency fatigue tests were performed at the DTR VMS Ltd laboratory.  
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Rubber reinforcement is to a great extent due to filler-rubber adhesion [6], filler-filler 
interaction [44], and crosslink density [13,45]. The filler-filler interaction was 
negligible because the silica particles were dispersed well in the rubbers (Fig. 8.7). 
The chemical bonding between the rubber and filler was optimised and the bound 
rubber was 69%. This indicated strong filler-rubber adhesion. The ∆torque of the two 
compounds were 52 and 47 dN m, at 170oC, respectively (Table 8.15), which also 
indicated contribution from crosslinks to the rubber properties. The surfaces of silica 
had been pre-treated with rubber reactive TESPT, and the surface area of the filler 
particles was less than 400 m2/g, which also contributed to the improvement in the 
mechanical properties of the rubber blends. In addition, when the SBR and BR 
rubbers were mixed together for 12 min to produce compounds 46 and 47 and then 
cured at 170oC for up to 13 min, a strong interphase was formed between the two 
rubbers [46, 47]. The development of a strong interphase between dissimilar rubbers 
is an important factor in the durability and performance of rubber blends in service. 
8.3.7 Tan δ of the cured SBR/BR rubber blends at different test frequencies 
The energy loss in car tyres during dynamic strain affects their service performance 
such as rolling resistance [40]. Rolling resistance is related to the movement of the 
whole tyre corresponding to deformation at a frequency 10-100 Hz and a 
temperature ranging from 50 to 80oC. To meet the requirements of high-performance 
tyres, a low tan δ value at a temperature of 50-80oC to reduce rolling resistance and 
save energy and fuel is often required. A high tan δ value (high hysteresis) at low 
temperatures for example, -50 to -30oC, to obtain high-skid resistance and ice-and 
wet-grip is also essential [40].  
Figures 8.8-8.10 show tan δ as a function of the test temperature at 1, 10 and 100 
Hz test frequencies, respectively for compounds 46 and 47. The peak tan δ values 
were also summarized in Table 8.17. At 1 Hz, the peak tan δ of compound 46 and 
compound 47 were 0.47 at -36.6oC and 0.49 at -35.5oC, respectively (Fig. 8.8). At 10 
Hz, the peak tan δ of compound 46 increased to 0.53 at – 31.7oC and that of 
compound 47 to 0.50 at -30.7oC, respectively (Fig. 8.9). At 100 Hz, the peak tan δ for 
compound 46 and compound 47 were 0.72 at -24.0oC and 0.55 at -32.4oC, 
respectively (Fig. 8.10).  
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Figure  8.8: Tan δ versus the temperature at 1 Hz. (---) compound 46, (__) compound 
47. 
 
Figure  8.9: Tan δ versus the temperature at 10 Hz. (---) compound 46, (__) 
compound 47. 
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Figure  8.10: Tan δ versus the temperature at 100 Hz. (---) compound 46, (__) 
compound 47. 
 
Table  8.17: Peak tan δ and test temperature data for the two SBR/BR rubber blends 
tested at different test frequencies. 
 Compound 
 46 47 
 1Hz 
Peak tan δ value 0.47 0.49 
Temperature (oC) -36.6 -35.5 
 10Hz 
Peak tan δ value 0.53 0.5 
Temperature (oC) -31.7 -30.7 
 100Hz 
Peak tan δ value 0.72 0.55 
Temperature (oC) -24.0 -32.4 
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Clearly, compound 46 possessed a better skid resistance and ice-and wet-grip at 10 
and 100 Hz because it had higher tan δ values at low temperatures. However, at 
above 50oC, which is important to reduce the rolling resistance and save energy, the 
tan δ of both compounds were fairly similar at 1 Hz but that of compound 47 was 
slightly lower at 10 Hz. Notably, increases in the test frequency had a significant 
effect on the peak tan δ of these compounds. For example, the peak tan δ of 
compound 46 rose by more than 50% and that of compound 47 by approximately 
12% when the test frequency was increased to 100 Hz (Figs. 8.11 and 8.12, 
respectively). It was concluded that compound 46, which also had a much higher 
abrasion resistance index and a lower heat build-up, could potentially replace the 
passenger car tyre treads currently in use. 
 
Figure  8.11: Tan δ versus the temperature at 1, 10 and 100 Hz for compound 46.  
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Figure  8.12: Tan δ versus the temperature at 1, 10 and 100 Hz for compound 47. 
 
8.3.8 Health, safety, and the environmental issues related to passenger car tyres 
Chemical curatives such as ZnO in tread compounds have come under growing 
scrutiny because of environmental concerns [48]. The tyre industry is the largest 
single market for ZnO. The elimination or a more restricted use of ZnO in rubber 
compounds will help to reduce damage to the environment. 
The average weight of a new radial passenger car tyre is approximately 12.5 kg [2]. 
The tread weight is 32.6 % of the total weight of a tyre and is roughly 4.1 kg. As 
mentioned earlier [9], formulations for passenger car tyre tread compound can 
contain up to 11 phr chemical curatives that is 4.8% of the total weight of all the 
ingredients in the formulation. On this basis, the total amount of the chemical 
curatives in a tyre tread compound can be as high as 197g. As shown in Table 8.13, 
compound 46 was fully cured with 3 phr TBBS and 0.5 phr ZnO. The chemical 
curatives in this compound were 2% of the total weight of all the ingredients in the 
formulation. If this compound was to replace the current tyre tread compounds, it 
would reduce the loading of the chemical curatives by approximately 58% to 82g. 
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Moreover, a large reduction in the use of ZnO will be greatly beneficial to tyre 
manufacturers and will ultimately reduce costs and minimize damage to the 
environment.  
Note also that for an SBR/BR rubber blend (75/25 wt) containing 80 phr silica, 6.4 
phr liquid silane, and 7.6 phr chemical curatives (one sulphenamide accelerator, 
elemental sulphur, stearic acid and zinc oxide) a tensile strength of 21 MPa and 
elongation at break of 416 % have been reported [49]. It is interesting that the 
SBR/BR rubber blends developed in this study which had only 3.5 phr chemical 
curatives (one accelerator and one activator) had higher tensile strength at 26 MPa 
and elongation at break at 1030 %. This was a major advance in rubber compounds 
for tire tread.      
8.4 Conclusions 
From this study, it was concluded that:  
1. The SBR/BR blend which was cured with the non-sulphur donor accelerator 
and zinc oxide had superior tensile strength, elongation at break, stored 
energy density at break and modulus at different strain amplitudes. It also 
possessed a lower heat build-up, a higher abrasion resistance, a higher tan δ 
value at low temperatures to obtain high-skid resistance and ice- and wet-grip. 
 
2. Optimising the chemical bonding between the rubber and filler via the 
tetrasulphane groups of TESPT reduced excessive use of the chemical 
curatives significantly. This improved health and safety at work place and 
reduced damage to the environment. 
 
3. The addition of the processing oil had a detrimental effect on the scorch and 
optimum cure times, rate of cure and ∆torque of the silanised silica-filled SBR 
rubber cured with TMTD. 
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Chapter	9	
9 The health, safety, and the environment and commercial 
issues facing manufacturers of passenger car tyres 
which were addressed by this study 
 
9.1 Health and safety issues related to rubber chemicals 
Both natural and synthetic rubbers are used to manufacture different industrial 
articles. To increase the service life of these articles, raw rubbers are reinforced with 
fillers such as carbon black and silica. Carbon black is the most widely used 
reinforcing filler in the rubber industry. As stated earlier, the use of silica was 
restricted due to the presence of silanol and hydroxyl groups on the surface. The 
presence of acidic groups on the surface of silica made it less interactive with non-
polar rubbers such as natural rubber and caused the filler particles to reagglomerate. 
But, the discovery of bifunctional organosilanes, e.g. TESPT, remedied the problems 
aforementioned and increased the application of silica in rubber reinforcement. Now 
white silica filler is used extensively as replacement for carbon black filler in industrial 
rubber articles such as green passenger car tyres. Sulphur, peroxides, ZnO, stearic 
acid, and nitrogenous-based organic accelerators are used as chemical curatives by 
rubber compounders to vulcanise rubber for better mechanical and thermal 
properties. Most industrial rubber compounds use about five different chemical 
curatives which include curing agent, primary and secondary accelerators, primary 
and secondary activators. The use of a sulphur-bearing silanised silica filler to 
crosslink and reinforce the rubber properties helped to reduce excessive use of the 
chemical curatives in rubber compounds [1-4]. The tertrasulphane groups of TESPT 
were used to chemically bond the filler to rubber chains and to activate the rubber 
reactive tetrasulphane groups using different accelerators, e.g. TBBS, TMTD, CBS. 
This was a more efficient method for using these chemicals and as this study 
showed that the addition of small amounts of ZnO reduced the cure cycle and 
increased the crosslink density of the rubber compounds. Interestingly, no stearic 
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acid was needed in the cure system [1-3], which is often used as a secondary 
activator with ZnO in sulphur-cure systems. 
Chemical curatives can be very toxic and their excessive use is harmful to the health 
and safety of living species. Currently, there is legislation in place which restricts and 
in some cases prohibits the use of these chemicals in rubber compounds. In this 
chapter, the hazards and dangers which these chemicals impose to human health 
and safety and the environment will be discussed. 
9.1.1 Health issues related to zinc oxide  
Zinc oxide is a white powder which is used extensively as a primary activator in 
sulphur cure systems in rubber compounds. ZnO is not normally toxic and hazardous 
to human but may be toxic if it is inhaled or swallowed for longer periods of time and 
can cause skin and eye irritation upon direct contact with skin. But it can be used 
safely for different applications. ZnO is soluble in water and therefore water can 
leach out ZnO from waste rubber buried in landfill. The ZnO inclusion in water is very 
toxic and hazardous for the aquatic life with long lasting effects. It can cause 
reproductive and organs toxicity as it damages the fertility of the unborn child. Some 
studies on the earthworms, E.coli, nematode, and algae showed that the presence of 
ZnO reduced their growth and also there was some mortality among fishes. Thus 
aquatic organisms are very sensitive to the dissolved ZnO in water and acute toxicity 
level for them ranges from 40 µg Zn2+/L to 58 mg Zn2+/L [5,6].  
9.1.2 Health issues related to TBBS 
TBBS is used as a sulphenamide based primary accelerator to increase the rate of 
curing during the vulcanisation process. TBBS is present in the pellets or light buff 
powder form. The acute oral toxicity of TBBS when tested on rats is 6310 mg/kg, and 
acute dermal toxicity when tested on rabbits is 7940 mg/kg. TBBS caused slight skin 
and eye irritation to rabbits. When tested on human patch test, it was found to be 
skin irritant and sensitiser. The symptoms included redness, swelling, itching, pain, 
and tearing. It may also cause mild irritation in the upper respiratory system. The 
symptoms included soreness of throat and nose, coughing, and sneezing. So, 
protective equipment should be used to avoid direct contact with skin and eyes [7,8]. 
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9.1.3 Health issues related to TMTD 
TMTD is a white powder and used as a secondary accelerator in sulphur-cure 
systems. The acute oral toxicity for rats is in between 780-1300 mg/kg and dermal 
for rabbits is over 7940 mg/kg. The use of alcohol after working in a TMTD 
contaminated environment can cause unpleasant effects such as nausea, vomiting, 
and flushing. It did not cause any skin and eye irritation and sensitisation when 
tested on rabbits, but it caused photophobia and lachrymation symptoms in men. 
The symptoms can be reversed by removal of man from the exposure to TMTD [8,9].  
9.1.4 Health issues related to carbon black 
Carbon black is one of the most important reinforcing filler used in the rubber 
industry. Carbon black is manufactured by heating gas/oil at temperatures reaching  
1300oC. Originally carbon black was produced by channel process. But, with the 
increasing demand in the rubber industry, today more than 90% of carbon black is 
made by furnace process. Carbon blacks mostly contain some polycyclic aromatic 
hydrocarbons (PAHs). The concentration of PAHs is higher in carbon black produced 
by the furnace process. Although carbon black itself is not carcinogenic but the 
presence of PAHs on the surface of carbon black makes it carcinogenic.  The 
studies on mice, rabbits, and monkeys showed that the presence of PAHs in carbon 
black caused skin and stomach cancer [10-12]. The inhalation of carbon black 
caused changes in lung function [13]. The long exposure of users to carbon black 
can cause skin cancer [12]. 
9.1.5 Health issues related to silica  
Silica is present in crystalline and non-crystalline (amorphous) forms. A study by the 
American Thoracic Society showed that the crystalline silica had some detrimental 
health effects. The prominent effects by exposure to crystalline silica are silicosis, 
tuberculosis, chronic, obstructive pulmonary disease, and lung cancer. Silicosis is 
the major disease which involves scarring of lung tissues and can lead to breathing 
difficulties [23]. But, the amorphous white silica which was used in this work does not 
exhibit the above mentioned hazards to human health. In a study, 76 people who 
worked with amorphous silica were examined over a period of 18 years and no 
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evidence of silicosis and pulmonary disease was found in them [8]. No skin 
sensitisation was apparent when silica was applied to the skin of rabbits [24].   
According to the UK HSE’s Reporting of Injuries Diseases and Dangerous 
Occurrences Regulations (RIDDOR) database, the total number of minor and major 
causalities due to the harmful chemicals used in the rubber industry were 19 in two 
years from 2004 to 2006 [19].  This did not include medium and long term injuries 
and sicknesses which could have been caused by exposure to rubber chemicals.   
The data compiled from various studies so far suggests that amorphous white silica 
is by far a much safer material to work with than carbon black. This is an additional 
benefit of amorphous white silica filler as far as health and safety is concerned.      
9.2 Environmental issues related to rubber chemicals 
The rubber chemicals are not only hazardous to health and safety, but also 
detrimental to the environment. Taking the example of disposed passenger car tyres 
as they constitute over 82% of rubber products, the rubber chemicals pollute the 
environment at four different stages. The first stage is the production and 
transportation of rubber chemicals (in powder form) to users such as car tyre 
manufacturers. These chemical powders contaminate the air in the form of dust. In 
the second stage these chemicals are used for the production of tyres. During 
processing and production, the chemicals again disperse into the air and cause 
environmental pollution. The British rubber manufacturing association (BRMA) has 
done some measurements on the dust produced during rubber processing and 
rubber fume exposures. The analysis covered the period of 1977 – 2002 and 
samples were taken from different manufacturing sites and sectors. The rubber 
process dust is the mixed dust arising at different stages of rubber manufacturing 
where ingredients are weighed, handled, and mixed with raw rubbers. Whereas, 
rubber fumes are produced during mixing, milling, and curing of rubber compounds 
[20]. The results reported by BRMA on the rubber dust and fume measurements are 
presented in Tables 9.1 and 9.2 [21]. 
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Table  9.1: Rubber process dust measurements (BRMA) [21]. 
 Number  of 
measurements 
Maximum exposure 
(mg/m3) 
Department   
Compounding and mixing 1926 325 
Extrusion, Calendaring, Stock 
preparation 
440 226 
Curing 785 98 
Sector   
General rubber goods 1365 165 
Tyres 2458 325 
 
 
Table  9.2: Rubber fumes measurements (BRMA) [21]. 
 Number  of 
measurements 
Maximum exposure 
(mg/m3) 
Department   
Compounding and mixing 993 23 
Extrusion, Calendaring, Stock 
preparation 
283 2.8 
Curing 904 4.3 
Sector   
General rubber goods 862 23 
Tyres 1603 20 
 
The third stage is the use of tyres in different automobiles. During service, tyres wear 
off and produce debris. Debris from car tyre tread contain numerous rubber 
chemicals which remain suspended in air or/and pollute the road surface. This 
damages the environment and causes major pollution. In all these three stages, 
humans and animals are exposed to rubber chemicals which cause sensitisation, 
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irritation, coughing, sore throat, skin, lung and stomach cancers and if exposure is 
for too long, cancer is very likely to develop.  
The fourth stage is of major concern which is the dumping of old car tyres at the end 
of their useful service life (Scrap tyres). The improper handling of the scrap tyres can 
be detrimental to the environment. The stockpiles of scrap tyres in landfill sites can 
hold water which becomes a breeding ground for disease infected mosquitoes. The 
scrap tyres can also trap the methane gas which ultimately bubbles to the surface 
and is detrimental to the landfill lining that protects the containment area from 
polluting the ground water and local land surfaces. This problem is reduced by 
dumping the scrap tyres after shredding [14,15]. 
Water can leach out some of the toxins into the ground water from the scrap tyre 
piles. Taking the example of ZnO, the studies showed that ZnO leached out from the 
tyre stockpiles and went into the ground water. The addition of ZnO into the ground 
water caused water pollution and danger to the aquatic life. The effect of Leachate 
on the environment depended mainly on the condition of the local soil, water and its 
pH level. The research has also shown that the shredded tyres reduced the leaching 
of the rubber chemicals [14,16]    
The scrap tyre stockpiles are great threat to the health, safety and the environment 
as they can easily catch fire (either as a result of arson or accident) and are very 
difficult to put off. The smoke produced from burning tyres is very dangerous to 
health, safety and the environment. The smoke contains mainly carbon mono-oxide, 
carbon dioxide, and lots of volatile organic compounds. The study showed that 
benzene was present in large amounts in the smoke emissions from the burning of 
scrap tyres. Most of the volatile organic chemicals found in the smoke emissions 
were aliphatic, olefinic, or acetylenic substituted aromatics. Some carcinogenic PAHs 
were also detected in the smoke coming from burning tyres [17]. The fire also 
contaminated the soil with some oily residues.    
To overcome or tackle the historic stockpiles problems, the end of life tyres are 
properly managed and recovered. The recovery is in form of energy, material, 
retreading, and reuse. The European Union is spending € 600 Million annually on the 
end of life tyre management. Although, it has reduced the stockpiles and disposal in 
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landfills, yet, some environmental concerns are still remaining. For example, the 
crushed and grounded tyres (rubber crumb) are used in making children playing 
areas. The hazardous chemicals used in the rubber can be detrimental to the health 
and safety of children playing in those areas. In 2009, the major markets of scrap 
tyres in the European Union were 45% energy recovery and 41% material recovery. 
Figure 9.1 shows the trends for use of end of life tyres in the last eight years in the 
European Union [18]. 
 
 
Figure  9.1: Evolution of end of life tyres in the European Union [18]. 
 
The work reported in this thesis has shown that when a sulphur-bearing silanised 
silica nano-filler was used to crosslink and reinforce rubber by optimising the 
chemical bonding between the tetrasulphane groups of TESPT and the rubber 
chains, this helped to significantly reduce the excessive use of the chemical 
curatives without compromising the good mechanical properties of the rubber 
vulcanisates, which are essential in ensuring long life of rubber articles in service. 
The chemical bonding between the rubber and filler was optimised by adding one 
accelerator and one activator, whereas, traditionally rubber compounds were cured 
with two accelerators (primary and secondary), two activators (primary and 
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secondary), and elemental sulphur, adding up to 5 different chemicals. This new 
method used only 2 chemical curatives to fully cure the NR, SBR, BR rubber 
compounds and the SBR/BR rubber blends. Furthermore, there was a large 
reduction in the use of ZnO (normally industrial rubber compounds contain up to 5 
phr ZnO), and stearic acid (often used with ZnO as a secondary activator) and 
elemental sulphur were eliminated altogether. Therefore, we may expect substantial 
improvement in health, safety and the environment as well as lower costs because 
less chemicals were used.  
9.3 Commercial benefits of using the new SBR/BR rubber blends 
in passenger car tyre tread 
The excessive use of the chemical curatives is not only harmful to health, safety and 
the environment but it is also too expensive. For example, if the new SBR/BR rubber 
blends (compounds 46 and 47, Table 8.13, Chapter 8) were to replace the sulphur-
cured carbon black-filled rubber compounds currently in use in passenger car tyre 
treads, it would save a lot of chemical curatives. This will have a major impact on the 
total cost as shown in Figure 9.2. Annually in the UK, the total amount of the 
chemical curatives used in passenger car tyre tread is 8274 tons. The new SBR/BR 
rubber blend will require 3444 tons of chemical curatives. So, this will reduce the 
total amount of the chemical curatives by 4830 tons which is a massive saving.  
 
 
 
 
 
 
Figure  9.2: Comparison of the amount of the chemical curatives in passenger car 
tyre tread compound used in the UK. 
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To see the commercial advantages in terms of economy, the average prices of 
different chemicals are given in Table 9.3. 
Table  9.3: Average prices of some of the most widely used rubber chemicals. 
Rubber Chemicals Price (US $/lbm) 
TBBS 1.985 
DPG 1.975 
ZnO 1.15 
Stearic acid 0.575 
Santoflex-13 1.875 
Sulphur 0.4 
Wax 0.9 
TMTD 0.82 
According to the information presented above, the average price of the chemical 
curatives is 1.21 US$/lbm (accelerators and ZnO being the most expensive 
chemicals). On this basis, the replacement of the conventional car tyre tread 
compound currently in use with the new SBR/BR rubber blends developed in this 
project will save up to 11.69 M US$/annum (Fig. 9.3). This is a massive saving.  
 
Figure  9.3: Comparison of the prices of the chemical curatives in conventional and 
advanced tyre tread compounds. Advanced compound being SBR/BR rubber blend 
developed in this project.  
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9.4 Future projection on the consumption of rubber 
Due to diverse properties of rubbers, the use of rubber in different industries is 
increasing with time. Figure 9.4 shows the trend for the consumption of rubber from 
1998 to 2010. The consumption of rubber increased rapidly from 2002 to 2008. But 
in 2008, a sharp drop was recorded from 23.4 million tonnes to 22.77 million tonnes 
and this was attributed to the global economic recession. The consumption of rubber 
remained gloomy from 2007 to 2009. But, from 2009 to 2010 about 14.4% increase 
in the rubber consumption was recorded [22].  
 
Figure  9.4: Consumption of rubber from 1998 to 2010 [22]. 
It is also forecasted that the consumption of rubber would increase by up to 26.9 and 
30.4 million tonnes in 2013 and 2019, respectively (Figure 9.5). On an average, 
there would be a 4% increase in consumption every year [22].  
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Figure  9.5: Forecast of rubber consumption up to 2019 [22]. 
 
The increasing demand and consumption of rubber will give rise to a surge in the 
use of chemical curatives by the rubber industry. From the economic point of view, 
this is a very good sign but at the same time, the increasing use of chemical 
curatives will have a negative effect on the environment, health, and safety. 
However, these problems can be minimised if the findings of this project are fully 
implemented by rubber compounders and tyre manufacturers.  
The use of the chemical curatives in rubber compounds can be reduced by 
optimising their use as shown in this project. This reduced the number and amount 
of these chemicals significantly and this was beneficial to health, safety and the 
environment and at the same time reduced cost. Moreover, with an increase in the 
use of rubber in different industrial articles, it will be very important to produce 
durable and long lasting products. Products with long service life will help to reduce 
the rubber waste. Blooming of the chemical curatives damages the internal structure 
of rubber and causes pollution and danger to human health. When the blooming of 
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the chemical curatives is eliminated, it will result in a longer service life of the rubber 
articles and less disposal to landfills. 
In summary, the use of this new technology for crosslinking and reinforcing rubber 
compounds with a sulphur-bearing silanised silica has the following benefits: 
1 – A significant reduction in the number and amount of the chemical curatives in 
rubber compounds. This will make rubber compounds less damaging to human 
health, safer and cheaper to make.  
2 – Elimination of the blooming of chemical curatives on the rubber surface. This will 
produce a more uniform crosslink density in the rubber vulcanisate because the 
chemical curatives stay in the rubber to form uniform crosslinks. Also the rubber 
surfaces will be clean and will not contaminate the environment.   
3 – Replacement of carcinogenic carbon black filler with relatively harmless 
precipitated amorphous white silica filler in rubber compounds.     
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Chapter	10	
10 Conclusions of this study and recommendations for 
future work  
10.1 Conclusions  
Some important conclusions of this study are summarised below. 
10.1.1 Effect of the blooming of chemical curatives on the cyclic fatigue life of 
natural rubber filled with a silanised silica nanofiller 
1. The blooming of TBBS accelerator had no adverse effect on the hardness, 
Young’s modulus, tensile strength, elongation at break, and stored energy 
density at break of the rubber vulcanisate. In fact, the hardness increased as 
a function of storage time because of the accumulation of migrated TBBS on 
the rubber surface.  
 
2. The cyclic fatigue life of the rubber vulcanisate decreased by more than 100% 
when TBBS bloomed on the rubber surface. 
 
3. The migration of TBBS accelerator produced a thin layer approximately 15 µm 
in size beneath the rubber surface. When the rubber was stressed and 
relaxed repeatedly in the cyclic fatigue tests, cracks initiated in this layer and 
then propagated, causing the fatigue life of the vulcanisate to decrease. The 
bloom was eliminated by reducing the ratio of TBBS to ZnO from 6/0.3 to 
3/2.5 in the formulation. 
 
10.1.2 Measuring effect of the blooming of chemical curatives on the rate of cyclic 
fatigue crack growth in natural rubber filled with a silanised silica 
nanofiller 
1. Tensile strips of natural rubber crosslinked and reinforced with 60 phr 
silanised silica nanofiller containing a sharp edge crack were repeatedly 
stressed at a constant maximum strain amplitude and test frequency and 
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relaxed to zero strain in each cycle. The crack grew and the rate of crack 
propagation was dependent on the level of the tearing energy. 
2. The rate of crack propagation increased significantly at a constant level of the 
tearing energy when TBBS re-agglomerated in the rubber. The re-
agglomeration had poor resistance to crack development and this caused the 
rate of crack growth to increase by up to 94% at a constant tearing energy. 
Therefore, the blooming of TBBS was largely detrimental to the rate of cyclic 
fatigue crack growth in the rubber. 
 
3. TBBS re-agglomeration occurred more extensively near the rubber surface at 
a depth of 15-20 μm. When the TBBS/ZnO ratio was reduced from 6/0.3 to 
3/2.5, the TBBS re-agglomeration decreased very significantly and this 
improved the resistance of the rubber to crack development and crack growth. 
 
4. Using 60 phr of a sulphur-bearing silanised silica nanofiller to reinforce and 
cure the rubber via the tetrasulphane groups of the silane by adding TBBS 
and ZnO at a ratio of 3/2.5 eliminated the blooming of TBBS. This was a more 
efficient use of these chemicals and as a result, it reduced damage to health, 
safety and the environment and produced a better quality rubber vulcanisate. 
 
10.1.3 Two advanced styrene-butadiene/Polybutadiene rubber blends filled with 
a silanised silica nanofiller for potential use in passenger car tyre tread 
1. The SBR/BR blend which was cured with the non-sulphur donor accelerator 
and zinc oxide had superior tensile strength, elongation at break, stored 
energy density at break and modulus at different strain amplitudes. It also 
possessed a lower heat build-up, a higher abrasion resistance, a higher tan δ 
value at low temperatures to obtain high-skid resistance and ice- and wet-grip. 
 
2. Optimising the chemical bonding between the rubber and filler via the 
tetrasulphane groups of TESPT reduced excessive use of the chemical 
curatives significantly. This improved health and safety at work place and 
reduced damage to the environment. 
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3. The addition of the processing oil had a detrimental effect on the scorch and 
optimum cure times, rate of cure and ∆torque of the silanised silica-filled SBR 
rubber cured with TMTD. 
10.2 Recommendations for future work  
The rubber industry faces major challenges for the future. REACH, COSHH and 
various environmental legislation is forcing the rubber industry to re-think its future 
strategy. This inevitably means reducing excessive use of chemicals in rubber and 
re-formulating rubber compounds which pose less risk to health and safety and are 
cheaper to make.  
Developing numerical models for predicting the service life of rubber articles such as 
passenger car tyres will involve a significant simplification of rubber formulations to 
resolve health, safety and cost issues facing the rubber compounders. It may be 
assumed that the blooming of chemical curatives which damages the internal 
structure of rubber by creating cracks and voids will have an adverse effect on the 
integrity of rubber and hence the service life of industrial rubber components. The 
current numerical modelling does not take into account effect of the blooming of 
chemical curatives on the cyclic fatigue life and crack growth rate in rubbers and 
therefore any service life prediction based on these models may be fundamentally 
flawed and misleading. As this work has shown, the blooming of the chemical 
curatives does have detrimental effects on the cyclic fatigue life and rate of cyclic 
crack growth in rubber as well as on the dynamic properties of rubber-to-metal 
bonded components and unless these facts are fully taken into account, models for 
predicting the service life of rubber articles will not be very useful. Therefore, it is 
recommended that any attempt to numerically model the service life of rubber 
articles should consider the findings of this project carefully to produce more realistic 
and accurate predictions. This will be a first step in developing such models with 
better predictive power. Future work should focus on this very important area of 
interest.  
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